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ABSTRACT 


This  report  describes  work  done  on  Contract  DAAG29-81-K- 
0173,  •An  Investigation  of  Millimeter  Wave  Propagation  in  the 
Atmosohere:  Measurement  Program,*  conducted  by  the  Georgia  Tech 
Research  Institute  during  the  period  September  1981  through  May 
1987.  The  objective  of  this  program  was  to  measure  the  effects 
of  atmospheric  turbulence  on  the  propagation  of  millimeter  wave 
radiation,  with  emphasis  on  inclement  weather  effects.  Five 
separate  measurement  sessions  were  conducted  at  a  site  near 
Urbana,  Illinois,  and  these  measurements  were  made  jointly  with 
personnel  from  the  National  Oceanic  and  Atmospheric 
Administration,  who  furnished  meteorological  instrumentation  and 
information  on  experiment  design.  Personnel  from  the  Atmospheric 
Sciences  Laboratory  at  White  Sands  Missile  Range  also  contributed 
to  this  program. 

Measurements  were  made  at  frequencies  near  118,  142,  173, 
and  230  GHz  to  cover  all  of  the  major  atmospheric  features  in  the 
millimeter  wave  spectral  range,  and  were  made  during  clear  air, 
rain,  fog,  and  snow.  The  equipment  comprised  a  small  step-van 
transmitter  truck  and  an  array  of  four  receivers,  pumped  by  a 
common  local  oscillator,  mounted  in  a  semi-trailer.  ^  This 
arrangement  provided  the  means  for  measuring  fluctuat  iVps  in 
both  Intensity  and  phase  of  the  MMW  signal. 

It  is  concluded  in  this  report  that  atmospheric  turbulence 
has  a  marginal  effect  on  the  performance  of  Army  MMW  systems. 
For  example,  a  system  with  a  tracking  accuracy  of  100 
microradians  might  have  its  accuracy  degraded  by  15-20%  by 
turbulence.  It  is  also  concluded,  perhaps  surprisingly,  that  the 
worst-case  MMW  effects  of  turbulence  occur  during  clear  air  under 
conditions  of  high  temperature  and  humidity. 
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1.  Introduction 

This  document  is  the  final  report  on  Contract  DAAG29-81-K- 
0173,  "Study  of  Millimeter-Wave  Propagation  in  the  Atmosphere",  a 
program  supported  by  the  u.  S.  Army  Research  Office  and  conducted 
jointly  by  the  Georgia  Tech  Research  Institute  (GTRI)  and  the 
National  Oceanic  and  Atmospheric  Administration  (NOAA) ,  supported 
by  separate  grants.  The  major  responsibility  of  Georgia  Tech 
during  this  program  was  to  design  and  construct  hardware  for 
measuring  the  effects  of  atmospheric  turbulence  on  millimeter 
wave  (MMW)  propagation,  at  several  different  wavelengths  of 
current  and  potential  interest  to  the  Army,  under  a  variety  of 
weather  conditions.  NOAA's  responsibility  was  to  design  the 
experiment,  provide  meteorological  instrumentation  support,  and 
analyze  the  data,  although  Georgia  Tech  has  also  participated  to 
some  extent  in  this  latter  activity.  The  frequencies  chosen  for 
this  experiment  were  116,  118,  143,  173,  and  230  GHz,  and 
measurements  were  made  under  conditions  of  clear  air,  rain,  fog, 
and  snow;  although  time  and  circumstances  did  not  permit  the 
acquisition  of  data  at  all  of  these  frequencies  under  all  of 
these  atmospheric  conditions. 

The  frequencies  listed  above  were  chosen  to  lie  on  or  near 
prominent  atmospheric  transmission  features  in  the  MMW  bands, 
namely  the  broad  window  near  95  GHz,  the  118  GHz  oxygen 
absorption,  the  140  GHz  window,  the  183  GHz  water  vapor 
absorption,  and  the  230  GHz  window.  Frequencies  near  absorption 
lines  were  chosen  to  assess  the  observation  of  Soviet  workers  of 
damping  of  turbulence-induced  fluctuations  on  these  lines. 
Damping  has  not  yet  been  observed,  but  not  all  of  the  data  are 
analyzed  to  the  extent  necessary  to  make  this  assessment. 

The  experiment  was  conducted  at  a  site  near  Flatville, 


IllinoiSr  chosen  for  its  exceptional  flatness  and  "fetch”  which 
is  the  distance  to  large  man-made  or  terrain  features  measured 
transversely  to  the  propagation  path.  Flatness  and  fetch  are 
necessary  to  ensure  that  the  atmospheric  features  are  not 
disturbed  by  objects  near  the  path;  otherwise,  it  would  be 
necessary  to  use  several  meteorological  instrumentation  stations 
to  adequately  characterize  the  atmosphere. 

1.1  General  Atmospheric  Effects  on  Millimeter  Wave  Systems 

The  atmosphere  has  traditionally  been  a  paradox  when 
regarded  from  the  point  of  view  of  the  millimeter  wave  (MMW) 
system  designer.  On  the  one  hand,  MMW  systems  are  considered  as 
solutions  to  the  problems  inherent  in  optical  and  near  infrared 
systems  due  to  poor  weather,  especiedly  fog,  because  such  systems 
retain  at  least  a  part  of  the  resolution  capability  of  the 
shorter  wavelengths  while  having  the  ability  to  penetrate  the 
turbid  atmosphere.  On  the  other  hand,  the  ability  of  millimeter 
wavelengths  to  penetrate  rain,  fog,  and  snow  is  not  as  good  as 
that  of  microwaves,  and  many  workers  in  the  field  consider  these 
longer  wavelengths  to  be  superior  both  because  of  this  better 
tramsmission  and  because  of  the  highly-developed  state  of 
component  technology  at  these  longer  wavelengths.  It  thus 
appears  that  the  choice  of  MMW  technology  represents  a  compromise 
between  the  higher  resolution  of  the  optical  systems  and  the 
better  weather  penetration  and  advanced  componentry  of 
microwaves.  In  summary,  one  would  always  choose  the  shorter 
wavelengths  if  the  weather  were  always  good,  and  one  would  choose 
the  longer  wavelengths  if  the  resolution  were  good  enough,  and 
there  would  be  no  applications  for  millimeter  waves,  if  these 
were  the  only  criteria.  Unfortunately,  the  weather  is  not  always 
clear  enough  for  optical  systems,  and  microwaves  do  not  always 
provide  sufficient  resolution,  so  that  the  potential  niche  for 


■illlneter  waves  is  fairly  wider  and  has  not  as  yet  been  filled 
by  operational  systems. 

The  major  atmospheric  effect  on  the  performance  of  MMW 
systems  is  attenuationr  but  other  effects  such  as  forward-  and 
back-scatteringr  atmospheric  ducting,  and  of  course  atmospheric 
turbulence  are  also  of  some  importance.  with  regard  to 
attenuation,  MMW  radiation  shows  excellent  capability  for 
penetrating  fog  and  generally  good  transmission  through  snow,  but 
is  no  better  than  the  visible/near  IR  wavelengths  in  penetrating 
rain,  depending  of  course  to  some  extent  on  the  frequencies 
chosen.  Atmospheric  ducting  is  not  considered  a  serious  problem 
for  MMW  systems  because  it  is  generally  a  long  range  phenomenon, 
and  most  tactical  MMW  systems  are  designed  for  the  shorter 
ranges.  Ducting  has  been  observed  at  35  GHz  by  workers  at  Bell 
Laboratories  [11,  but  the  propagation  path  lengths  studied  were 
several  tens  of  kilometers  in  length. 

The  effects  of  atmospheric  turbulence  on  MMW  systems  are  the 
same  as  those  which  occur  in  the  optical  wavelength  spectrum, 
except  that  they  are  generally  less  severe  at  the  longer 
wavelengths.  These  effects  are  power  (intensity)  fluctuations, 
phase  shifts  which  give  rise  to  angle-of-ar rival  fluctuations, 
depolarization,  frequency  shift,  and  thermal  blooming.  These 
latter  three  effects  are  thought  to  be  negligible  for  MMW 
systems. 

The  balance  of  this  Introductory  section  summarizes  the 
effects  of  atmospheric  turbulence  on  MMW  systems.  Section  2 
treats  the  theories  of  MMW  turbulence  including  a  brief  reference 
to  the  Soviet  theory,  but  emphasizing  the  theory  of  Hill,  et  al. 
[2];  and  qualitatively  assesses  the  agreement  between  these 
theories  and  experiment.  Section  3  discusses  the  results  of 
measurements  of  turbulence  effects  made  during  the  series  of 
experiments  conducted  at  the  site  near  Flatville,  Illinois. 
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These  results  represent  perhaps  the  most  carefully  made  and 
carefully  instrumented  measurements  of  this  type  ever  made. 
Section  4  gives  some  conclusions  and  compares  the  results  of  the 
measurements  described  above  to  available  theory^  and  the 
agreement  is  found  to  be  generally  good.  The  report  concludes 
with  a  bibliography  of  publications  by  Georgia  Tech  authors 
supported  this  program  and  published  during  its  course. 


1.2  Summary  of  the  Effects  of  Atmospheric  Turbulence  on  MMW 
Systems 

Scintillation  of  electromagnetic  energy  traversing  the 
turbulent  atmosphere  is  caused  by  refractive  index 
Inhomogeneities  in  the  propagation  path  that  cause  phase  shifts, 
giving  rise  to  selective  reinforcement  or  degradation  of  the 
energy  across  the  wavefront.  These  refractive  index 
inhomogeneities  are  caused  by  varying  optical  densities  in  the 
path,  which  are  in  turn  caused  by  variations  in  temperature  and 
absolute  humidity  in  cells  of  various  sizes  within  the  path. 
These  cells  are  called  scales,  and  the  smallest  cell  that  has 
effect  on  propagation  is  called  the  inner  scale  and  the  largest 
is  called  the  outer  scale.  The  resulting  energy  distribution  of 
electromagnetic  radiation  within  the  beam  is  log  normal  [3],  and 
is  characterized  by  a  variance  that  is  a  function  of  the 

degree  of  atmospheric  turbulence.  The  distribution  of  phase 
shifts  between  any  two  points  in  the  wavefront  is  normal,  and  its 


variance  is  taken  to  be  a 
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Intensity  fluctuations  in  the 


propagated  signal  cause  rapid  fades  in  signal,  which  may  cause 
problems  if  large  enough,  but  which  probably  are  too  smedl  to  be 
of  consequence.  Perhaps  the  major  potential  problem  caused  by 
atmospheric  turbulence  is  angle-of-arr ival  fluctuations,  which 
are  related  to  phase  shifts  by  the  relation  6  -  3/kr,  where  9  is 
angle-of-arrival,  3  is  phase  shift,  k  is  wavenumber  2x/X  ,  and  r 


is  the  separation  between  points  in  the  wavefront.  These 
fluctuations  cause  a  potential  target  to  be  detected  at  an  angle 
different  from  its  actual  angle,  and  thus  give  rise  to  aimpoint 
wander  and  decreased  accuracy.  Depolarization,  frequency  shift, 
and  thermal  blooming  are  other  turbulence  effects  that  can 
sometimes  be  observed  at  optical  wavelengths,  but  whose  effects 
may  be  shown  to  be  negligible  at  MMW. 

Most  of  the  original  work  on  atmospheric  turbulence  was  done 
in  the  Soviet  Union  by  Chernov  C4]  and  Tatarski  [3],  and  in  this 
country  by  Clifford  [5].  These  workers  treated  optical 
fluctuations  and  neglected  the  effects  of  absorption  on  the 
fluctuation  intensity.  This  approach  has  worked  well  for  optical 
wavelengths,  as  attested  by  the  large  number  of  turbulence 
measurements  which  show  good  agreement  with  theory.  More 
recently,  several  other  Soviet  workers  have  examined  the  problem 
of  millimeter  and  submillimeter  wave  fluctuations;  which  requires 
that  absorption  by  atmospheric  constituents,  mainly  water  vapor, 
be  considered.  This  approach  was  apparently  first  taken  by 
Izyumov  [6,7,8]  who  solved  the  wave  equation  using  a  complex 
index  of  refraction  to  account  for  absorption,  and  thus  obtained 
expressions  for  amplitude  and  phase  fluctuations  valid  for  MMW 
propagation.  This  work  was  further  refined  by  Gurvich  [9]  and 
later  by  Armand,  et  al.  [101.  Recent  work  on  MMW  atmospheric 
turbulence  theory  in  this  country  has  been  done  by  Hill,  et  al. 
[21  who  used  the  existing  optical  solutions  for  the  turbulence 
equations  and  accounted  for  the  absorption  by  water  vapor.  They 
derived  a  new  index  of  refraction  structure  parameter  by 
considering  the  effects  of  absorption  and  using  this  result  in 
the  optical  solutions.  This  approach  will  be  discussed  in  later 
sections  of  this  report. 

To  summarize  this  section,  it  appears  that  the  effects  of 
atmospheric  turbulence  on  the  performance  of  MMW  systems  are 


•-'.V.V.V'V-VV-V, 


probably  small  -  almost  negligible.  It  will  be  seen  that 
Intensity  fluctuations  are  about  1-2  dB  and  angle-o£-arr ival 
fluctuations  are  about  300  microradians  peak-to-peak  under  worst- 
case  conditions.  Automatic  gain  control  circuitry  should  easily 
take  care  of  this  level  of  Intensity  changer  while  the  50 
microradian  standard  deviation  of  angle  fluctuations  should  be 
almost  negligible  for  a  system  with  a  tracking  accuracy  of  100 
microradians  standard  deviation.  These  conclusions  are  based  on 
the  measurements  made  at  Flatvlller  and  may  not  necessarily  hold 
for  extreme  climatic  condltlonsr  such  as  those  encountered  in  the 
tropics.  It  will  also  be  seen  that  the  worst  case  for 
atmospheric  fluctuations  occurs  in  clearr  hotr  humid  weather/  and 
not  in  rain  or  snow  as  one  might  expect.  The  smallest 
fluctuations  in  both  intensity  and  phase  occur  during  a  dense 
fog. 

Although  the  measurements  described  in  this  report  were  made 
at  wavelengths  that  mi^  not  be  of  Immediate  interest  to  designers 
of  Army  systems/  it  will  be  shown  that  the  results  scale  in  a 
very  predictable  way/  and  may  therefore  be  used  with  confidence 
at  almost  any  frequency  in  the  NHW  range.  The  appropriate 
scaling  law  is  predicted  by  theory  and  confirmed  by  experiment/ 
as  will  be  shown  later  in  the  report. 


2.  Nillineter-Wave  Turbulence  Theoriee 


2.1  Soviet  Theories 

The  Soviets  were  the  first  to  study  the  problems  of 
millimeter-wave  propagation  through  turbulencer  just  as  they  were 
first  to  stu(^  optical  propagation,  and  they  have  made  important 
contributions  in  both  areas.  This  section  gives  a  very  brief 
sketch  of  the  approach  taken  by  the  Soviets  in  developing  this 
NMH  theory,  and  attempts  to  detail  its  shortcomings,  if  any.  The 
treatment  is  necessarily  brief;  for  a  more  detailed  analysis,  the 
interested  reader  should  see  the  paper  by  Armand  [101  and  the 
references  cited  therein. 

2.1.1  General  Approach 

In  general,  the  method  used  by  workers  in  the  Soviet  Union 
for  solving  the  problems  of  determining  the  magnitudes  of  the 
amplitude  and  phase  variations  of  an  electromagnetic  wave 
propagating  through  the  turbulent  atmosphere  consists  of  solving 
the  scalar  wave  equation  by  using  a  complex  index  of  refraction 
and  thus  arriving  at  the  autocorrelation  functions  R  and  R.  of 
the  fluctuations  of  amplitude  and  phase.  The  scalar  wave 
equation 


V  ^u  +  k^N^u  ■  0 
is  solved  under  the  conditions 


(2-1) 


n  ■  n^j  +  u 
m  ■  mQ  +  V 


(2-2) 


where  u  is  the  wave  function,  k  is  wave  number,  and  N  is  the 
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index  of  refraction.  To  account  for  index  fluctuations,  the  form 
of  this  index  is  taken  to  be  that  of  equations  (2-2),  where  n  and 
m  are  the  real  and  imaginary  parts  of  the  refractive  index,  n^ 
and  m^  are  the  mean  values  of  these  parts,  and  u  and  v  are  the 
fluctuating  parts  which  give  rise  to  fluctuations  in  intensity 
and  phase  of  the  propagated  MMW  signal. 

Equation  (2-1)  is  solved  by  the  method  of  smooth 
perturbations  which  is  discussed  in  detail  in  Tatarski  [31.  As 
mentioned  above,  the  results  of  solving  this  equation  are  the 
autocorrelation  functions  and  of  the  fluctuations  of  the 
amplitude  and  phase  of  the  propagated  signal.  The  R^  and  are 
functions  of  the  spectra  of  the  real  and  imaginary  parts  of  the 
refractive  index  and  and  their  cross-correlation  ^gg  which 
are  in  turn  related  in  a  complicated  but  straightforward  way  to 
the  spectra  of  the  temperature  and  humidity  fluctuations.  These 
can  be  derived  from  deterministic  atmospheric  parameters,  if  an 
appropriate  form  for  the  spectral  distributions  of  the 
temperature  and  humidity  are  assumed.  Such  a  distribution  is  the 
von  Karman  distribution  [91,  which  satisfies  the  necessary 
condition  of  obeying  the  Kolmogorov  f”5/3  where  f  is 
fluctuation  frequency,  for  the  range  of  atmospheric  scale  sizes 
between  the  inner  and  outer  scales. 

2.1.2  Determination  of  the  Magnitude  of  Intensity  Fluctuations 

The  log  amplitude  variance  of  the  intensity  fluctuations  is 
related  to  the  autocorrelation  function  R  (a,L)  by  the  equation 
191  ^ 

«  R  (0,L) ,  (2-3) 
X  X 

where  a  is  correlation  distance  and  L  is  transmission  path 
length.  Substitutions  are  made  for  the  spectral  distributions  in 


and  a  tractable  expression  for  cr^  results,  although  it  is 
necessary  to  evaluate  the  Integrals  numerically.  This  variance 
is  a  function  of  the  atmospheric  temperature  and  humidity 
structure  parameters  and  respectively,  the  spectra  of 
these  fluctuations,  and  the  cross-correlation  of  the  spectra.  A 
possible  shortcoming  of  this  theory  is  evident  here,  because  this 
expression  for  log  amplitude  variance  is  not  a  function  of  the 
cross-correlation  of  the  temperature  and  humidity  structure 
parameters  C^,  which  will  be  seen  later  to  be  an  important 
parameter;  however,  this  expression  for  log  amplitude  variance 
gives  reasonably  good  agreement  with  theory. 

2.1.3  Determination  of  the  Magnitude  of  Angle-of-Ar r ival 
Fluctuations 

The  angle-of -arrival  of  an  electromagnetic  wave  propagating 
through  the  atmosphere  at  any  point  may  be  defined  as  the  angle 
between  the  normal  to  the  wavefront  and  the  line-of -sight  to  the 
transmitter  at  that  point.  Fluctuations  in  angle-of-arrival  are 
caused  by  refractive  index  inhomogeneities  that  cause  phase 
shifts  resulting  in  constructive  and  destructive  ^  ence 
across  the  wavefront  which  in  turn  cause  the  localized  e  of 
the  wavefront  normal  to  change  relative  to  the  line-of-  t  to 
the  transmitter.  It  should  be  noted  that  the  angle-of -arr.. .  '1 
for  a  wavefront  may  not  be  well  defined,  because  it  will  change 
in  accordance  with  its  correlation  function,  sometimes  over  very 
small  distances.  This  parameter  also  changes  rapidly  with  time, 
with  a  spectral  density  similar  to  that  of  the  fluctuations  in 
intensity. 

The  parameter  which  determines  the  angle-of-arrival  is  the 
phase  as  shown  in  Figure  2-1,  which  shows  two  receivers  separated 
by  a  distance  a,  which  is  assumed  to  be  small  enough  that  the 
wavefront  angle  does  not  change  appreciably  if  measured  at  each 


receiver.  The  phase  difference  of  the  signal  between  the  two 
points  is  then 

$  ■  2if/Xa  sin  6»  ka0,  (2-4) 

since  6  is  small.  Using  this  equation,  the  angle-of-arrival  can 
be  determined  if  the  phase  difference  is  known.  More 
particularly,  the  variance  of  the  angle  fluctuations  can  be 
determined  from  the  variance  of  the  phase  fluctuations,  since 
both  are  statistical  quantities. 

The  variance  of  the  phase  fluctuations  may  be  determined  in 
the  same  way  as  the  variance  of  the  log  amplitude  fluctuations 
was  derived,  by  calculating  the  phase  autocorrelation  function 
for  zero  spacing: 

a?«R.(0,L).  (2-5) 
9  9 

Note  that  the  concept  of  phase  is  not  meaningful  unless  it  is 
specified  over  some  distance  or  time;  i.e.,  phase  is  a  relative 
parameter.  The  result  of  determining  the  phase  autocorrelation 
function  for  zero  spacing  must  therefore  be  regarded  as  the 
variance  of  phase  fluctuations  when  measured  as  a  function  of 
time.  This  parameter  is  calculated  in  much  the  same  way  as  the 
log  amplitude  variance,  i.e.  by  numerical  integration  of  the 
correlation  integrals  as  discussed  in  Reference  [101;  in  fact, 
the  integrals  are  the  same  except  for  sign  changes.  In  spite  of 
the  fact  that  the  derivation  of  Armand,  et  al.  apparently  does 
not  adequately  treat  the  cross-correlation  between  the 
temperature  and  humidity  structure  parameters,  calculations  using 
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these  results  give  plausible  agreement  with  experiment. 

2.2  The  Theory  of  Hill,  Clifford,  and  Lawrence 

In  this  country,  the  group  at  the  National  Oceanic  and 
Atmospheric  Administration  (NOAA)  in  Boulder,  Colorado,  including 
Bill,  Clifford,  and  Lawrence  [2],  has  taken  the  lead  in 
developing  theories  appropriate  for  the  propagation  of  MMW 
radiation  through  the  turbulent  atmosphere.  Perhaps  a  more 
accurate  way  of  assessing  their  work  is  to  state  that  they  have 
adapted  the  earlier  theories  of  optical  propagation  to  MMV7 
propagation  by  modifying  the  index  of  refraction  structure 
parameter  C,^^  to  include  the  effects  of  fluctuations  in  humidity, 
characterized  the  humidity  structure  parameter  in  addition 
to  those  of  the  temperature  structure  parameter  C^^  and  their 
cross-correlation  C^.  This  approach  gives  perhaps  a  more 
satisfying  result  than  that  obtained  by  the  Soviets,  despite  the 
fact  that  the  Soviet  result  is  based  more  nearly  on  first 
principles,  because  the  NOAA  work  has  an  explicit  dependence  on 
the  cross-correlation  term.  The  treatment  of  this  approach  is 
necessarily  brief,  but  again  the  interested  reader  may  find  more 
detail  in  the  original  paper  of  Hill,  et  al.  [2]  or  in  the  paper 
by  McMillan,  et  al.  [111. 

Hill,  Clifford,  and  Lawrence  [21  nave  derived  an  expression 
for  the  log  amplitude  variance  of  the  fluctuations  of 
electromagnetic  radiation  propagating  through  the  turbulent 
atmosphere  which  holds  for  microwave  through  optical  frequencies 
and  maintains  the  proper  dependence  on  C.p^,  Cq^,  and  This 

equation  comprises  separate  contributions  from  the  real  and 
imaginary  parts  and  from  the  cross-correlation  of  these  parts,  as 
follows : 


where  R,  I,  and  IR  refer  to  the  real,  imaginary,  and  cross¬ 
correlation  contributions,  respectively.  For  spherical  wave 
propagation,  the  real  part  of  is  given  by 


2  =  0  I24k’  ‘L"  * 


(2-7) 


C] ^  ^TQ 

<T>2  ^  <Q>^  ^  ^  '^Q'^T  <j><Q> 


where  k  is  the  wave  number  2  V  <T>  is  the  mean  value  of 
temperature,  <Q>  is  the  mean  value  of  absolute  humidity,  and 
is  the  outer  scale  dimension.  The  dimensionless  parameters  Aip 
and  Aq  are  functions  of  the  refractivity  of  the  atmosphere,  which 
is  in  turn  a  function  of  the  absolute  temperature,  humidity,  and 
pressure  of  the  atmosphere.  Details  of  the  determination  of 
vedues  for  and  ^  are  given  in  References  [2]  and  [111. 

Fortunately,  the  contributions  of  the  parameters and 
are  considered  negligible  because  they  contain  a  parameter  Bq 
which  is  a  function  of  the  atmospheric  absorption  coefficient. 
In  the  low-frequency  window  regions  which  are  of  interest  to  this 
study,  this  parameter  is  considered  negligible,  as  is  borne  out 

by  calculations  displayed  graphically  in  References  [2]  and  [12]. 
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To  complete  the  derivation  of  ,  it  is  necessary  to 

devise  a  value  for  the  cross-correlation  term  in  Equation  (2-7). 
Hill,  et  al.  suggest  that  an  order-of-magnitude  estimate  for  CrjQ 
is 


assuming  a  correlation  coefficient  of  ±1.  That  this  assumption 
is  valid  is  borne  out  by  numerous  experiments  conducted  at 
Flatviller  ILf  which  will  be  described  in  some  detail  later. 
During  the  daytime^  especially  on  clear,  sunny  days  when  the  sun 
is  warming  the  ground,  temperature  and  humidity  fluctuations  were 
observed  to  have  a  correlation  coefficient  of  unity,  and  in  the 
morning  and  evening,  when  the  earth  is  warmer  than  the  air,  the 
correlation  coefficient  is  -1.  The  transition  between  these  two 
states  occurs  in  the  morning  and  evening  over  a  time  span  of  a 
very  few  minutes.  It  is  therefore  valid  to  take  the  correlation 
coefficient  in  Equation  (2-9)  to  be  exactly  ±1. 

Since  the  log  amplitude  variance  for  MMW 
propagation  in  the  window  regions  is  given  by  Equation  (2-7).  By 
comparison  of  this  equation  to  similar  expressions  derived  for 
propagation  in  the  optical  portion  of  the  spectrum,  one  may 
conclude  that  for  MMW  propagation  in  the  window  regions  is 
given  by  the  portion  of  Equation  (2-7)  enclosed  in  large 
parentheses.  In  addition,  Tatarski  [3]  has  shown  that  the 
variance  of  the  angle-of-arrival  fluctuations  of  a  spherical  wave 
is  given  approximately  by 

.  0.54  (2-9) 

where  is  measured  in  radians,  and  where  r  may  be  interpreted 
as  the  spacing  between  antennas  in  an  array  or  the  width  of  a 
large  antenna.  Note  that  Equation  (2-9)  predicts,  perhaps 
surprisingly,  that  the  magnitude  of  angle-of-arrival  fluctuations 
is  independent  of  frequency. 

Equations  (2-7)  and  (2-9)  contain  essentially  all  that  needs 
to  be  known,  in  fairly  simple  form,  to  calculate  the  effects  of 
turbulence  on  MMW  propagation,  provided  the  structure  parameters 


of  temperature  and  humidity,  together  with  basic  information 
about  temperature,  humidity,  and  atmospheric  pressure  are  known. 
In  later  sections  the  results  of  calculations  using  these 
expressions  will  be  compared  to  experimental  results  obtained. 


3.  Results  of  Measurements  of  Turbulence  Effects  at  Millimeter- 
Wave  Frequencies 

3.1  Results  Obtained  at  Burlington,  Vermont 

The  Snow-One  measurement  effort  was  conducted  at  Fort  Ethan 
Allen  near  Burlington,  Vermont  during  the  winter  of  1981-82. 
This  series  of  tests  was  concerned  with  the  measurement  of 
propagation  through  snow  and  other  types  of  winter  weather  by 
several  different  wavelengths,  including  35,  94,  140,  and  217 
GHz,  and  with  measurements  of  such  phenomena  as  snow  backscatter. 
Meteorological  support  for  these  tests  did  not  include  turbulence 
instrumentation,  and  on  the  day  that  turbulence  measurements  were 
made,  essentially  all  of  the  met  instrumentation  had  been  damaged 
by  a  storm  on  the  night  before.  These  handicaps  did  not  preclude 
the  acquisition  of  some  data  which  turned  out  to  be  among  the 
most  important  obtained  to  date,  because  they  verify  the  scaling 
laws  relative  to  frequency  and  range.  The  Burlington  tests  were 
unique  in  this  regard,  because  they  provided  the  means  to  make 
simultaneous  measurements  at  four  different  frequencies  and  two 
different  ranges. 

The  measurements  of  turbulence  fluctuations  at  the 
wavelengths  mentioned  above  were  made  by  D.G.  Bauerle  of  the  U.S. 
Army  Ballistic  Research  Laboratory  at  Aberdeen  Proving  Ground, 
MD,  and  the  data  were  analyzed  by  G.R.  Ochs  of  NOAA.  Figure  3-1 
is  a  diagram  of  the  experiment,  in  which  radiation  from  four 
radar  transmitters  at  each  of  the  above  frequencies  is  propagated 
simultaneously  down  range  to  reflect  from  corner  reflectors  at 
two  different  ranges.  This  experiment  was  originally  designed  to 
measure  absolute  atmospheric  attenuation  by  comparing  the  returns 
from  the  two  corner  cubes  at  known  ranges.  The  signal  is 
perturbed  by  the  atmosphere  in  both  directions  and  finally 
collected  by  a  receiver,  detected,  and  output  to  four  strip-chart 


evaluating  turbulence  effects  at  the  Snow-One  site 
near  Burlington,  VT. 
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Figure  3-2.  Log  amplitude  variance  for  MMW  propagation  in 

turbulence  as  a  function  of  frequency  and  range, 
showing  that  the  scaling  relations  are  valid. 


recorders.  The  resulting  data  were  then  analyzed  to  determine 
the  log  amplitude  variance  as  a  function  of  both  frequency  and 
range.  The  results  of  this  analysis  are  shown  in  Figure  3-2. 
The  log  amplitude  variance  was  first  plotted  as  a  function  of 
frequency  for  the  long  (610m)  path,  and  the  best  straight  line 
was  drawn  through  the  points.  This  line  was  found  to  have  a 
slope  essentially  equal  to  the  slope  predicted  by  theory. 
This  line  was  then  moved  downward  by  a  factor  of  12.7,  which 
corresponds  to  (L2/L2) and  a  line  parallel  to  the  first  was 
drawn.  The  log  amplitude  variance  data  from  the  shorter  (152m} 
path  was  then  plotted,  with  the  result  shown  in  the  figure. 
These  results  show  that  the  frequency  scaling  law  is  very 
well  verified  for  the  longer  range  and  less  well  verified  for  the 
shorter  range,  although  the  agreement  with  theory  of  the  short- 
range  measurements  is  quite  good  when  compared  to  other 
measurements  of  this  type,  which  typically  have  quite  a  bit  of 
scatter.  The  range  scaling  law  is  also  fairly  well 
verified.  The  poorer  agreement  obtained  for  the  shorter  range 
may  be  due  in  part  to  the  fact  that  the  corner  cubes  were  in  the 
near  field  of  the  antennas,  at  least  for  the  higher  frequencies. 

These  results  are  significant  because  they  show  that  the 
large  number  of  measurements  made  at  the  Flatville,  IL  site  at 
frequencies  in  the  range  116-230  GHz  may  be  scaled  to  frequencies 
of  greater  interest  to  the  Army  in  the  near  term,  notably  94  GHz. 
Although  the  Burlington  results  were  obtained  with  essentially  no 
met  support,  they  are  still  very  important  for  this  reason.  As 
far  as  is  known,  no  other  measurements  of  turbulence  phenomena 
have  been  made  at  more  than  one  frequency  at  a  time  or  at  more 
than  one  range.  Fortunately,  the  fairly  unique  measurement 
system  developed  by  the  Ballistic  Research  Laboratory  was 
available  at  the  proper  time  to  make  these  measurements. 


3.2  Experiments  Conducted  at  Flatville,  Illinois 


3.2.1  Description  of  Experiments 

Since  the  summer  of  1983/  Georgia  Tech,  NOAA/  and  the  U.S. 
Army  Atmospheric  Sciences  Laboratory  (ASL)  /  with  Army  Research 
Office  (ARO)  support,  have  been  engaged  in  a  program  whose 
purpose  is  to  measure  the  effects  of  atmospheric  turbulence  on 
the  propagation  of  millimeter  waves  [12,131.  Five  different 
measurement  sessions  have  been  conducted,  and  observations  have 
been  made  in  clear  air,  rain,  fog,  and  snow  at  frequencies  of 
116,  118,  142,  173,  and  230  GHz,  so  that  results  have  been 
obtained  on  or  near  all  atmospheric  features  of  interest  in  this 
range,  including  the  118  GHz  oxygen  line,  the  140  GHz  window,  the 
183  GHz  water  vapor  line,  and  the  230  GHz  window.  These 
measurements  have  been  made  over  a  1.4  km  path  at  a  site  near 
Flatville,  Illinois,  chosen  for  its  exceptional  flatness.  Figure 
3-3  is  a  diagram  of  the  layout  of  the  experiment  site  and  Figure 
3-4  is  a  photograph  of  the  propagation  path  looking  from 
transmitter  toward  receiver.  In  making  measurements  of  this 
type,  it  is  important  that  the  path  and  surrounding  terrain  be 
flat,  homogeneous,  and  free  of  trees  or  other  obstructions,  to 
avoid  perturbation  of  the  atmospheric  fields.  The  following 
paragraphs  discuss  the  equipment  used  to  make  these  measurements, 
and  the  next  section  presents  some  results  obtained  under  each  of 
the  types  of  atmospheric  conditions  under  which  measurements  were 
made . 


3.2. 1.1  Transmitter  Subsystem 

Phase-locked  reflex  klystron  oscillators  were  used  as  both 
transmitters  and  receiver  local  oscillators  in  this  experiment, 
with  the  exception  of  the  230  GHz  system  which  used  a  phase- 
locked  cw  extended  interaction  oscillator  as  transmitter  [14,15]. 
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Photograph  of  the  propagation  range  at  Flatvillef 
viewed  looking  South.  The  receiver  trailer  is  in 
the  foreground,  and  some  of  the  ASL  met 
instrumentation  can  be  seen  to  the  left. 


Phase-locking  of  the  sources  is  necessary  in  this  experiment  for 
three  reasons:  (1)  it  improves  amplitude  stability  of  the  source 
so  that  the  transmitter  power  variations  are  less  than  the 
smallest  atmospherically  induced  fluctuations,  (2)  it  narrows  the 
bandwidth  and  therefore  improves  the  detection  signal-to-noise 
ratio,  (3)  phase-locking  aids  in  system  calibration  because  the 
receiver  second  intermediate  frequency  (IF)  output  is  a  very 
stable  sine  wave.  Figure  3-5  is  a  block  diagram  of  the 
transmitter  and  Figure  3-6  is  a  photograph  of  the  230  GHz  EIO 
transmitter  showing  the  horn  antenna  and  phase-lock  mixer.  The 
primary  antenna,  fed  by  the  horn  antenna  shown  in  Figure  3-6,  was 
an  offset  paraboloid  with  an  elliptical  shape,  resulting  in  an 
elliptical  beam  pattern  with  long  axis  horizontal.  This 
arrangement  gives  a  beam  shape  which  roughly  conforms  to  the 
extent  of  the  horizontally  distributed  receiver  array. 

The  transmitter  was  housed  in  a  small  step-van  truck,  and 
was  mounted  on  a  steel  pedestal  which  was,  in  turn,  mounted  to  a 
concrete  pad  in  the  ground,  thus  mechanically  isolating  the 
transmitter  from  the  truck  suspension.  The  truck  was  supported 
off  its  wheels  and  fixed  to  the  ground  with  screw  anchors.  A 
high-density  polyethylene  transmission  window  was  placed  in  the 
rear  door,  and  this  window  was  protected  by  a  plywood  and  canvas 
awning.  Figure  3-7  is  a  photograph  of  this  transmitter  truck. 

3. 2. 1.2  Receiver  Subsystem 

The  receiver  comprises  four  apertures  with  individual 
mixers  and  with  separations  varying  from  1.4  to  10  meters,  so 
that  a  wide  range  of  atmospheric  scale  sizes  can  be  considered  in 
the  determination  of  the  millimeter  wave  mutual  coherence 
function.  Local  oscillator  (LO)  power  was  distributed  to  the 
mixers  via  a  low-loss  optical  beam  waveguide  system  [161. 
Figure  3-8  is  a  diagram  of  the  beam  waveguide  system,  and  Figure 


Figure  3-5.  Block  diagram  of  the  transmitter  subsystem  showing 
phase-lock  loop. 
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Figure  3-6. 


Photograph  of  the  230  GHz  extended  Interaction 
oscillator  source  used  in  Session  5. 


fc!- Ajl. 


waveguide  system  used  for  local 


3-9  Is  a  photograph  of  this  system.  The  receivers  used  double 
conversion,  and  RF  signal  combining  and  detection  were  done  at 
the  second  IF,  where  signals  were  combined  from  the  six  possible 
combinations  of  antennas  to  give  the  proper  phase  relationships 
for  determination  of  the  mutual  coherence  function.  These 
sign2ds  were  stored  on  magnetic  tape  along  with  signals  from  the 
meteorological  Instruments  tiy  the  data  acquisition  computer. 

The  receiver  mixers  were  cross-guide  X2  harmonic  types  so 
that  the  LO  frequency  was  nominally  one-half  the  signal 
frequency.  The  signals  were  mixed  with  the  second  harmonic  of 
the  LO  to  give  four  930  MHz  first  IF  signals,  which  were 
amplified  by  low  noise  amplifiers  and  transmitted  over  cable  to 
the  signal  combiner,  where  they  were  further  downconverted  to  the 
second  IF  of  30  MHz  for  signal  combining.  This  frequency  was 
chosen  because  of  the  good  choice  of  phase  shifters,  attenuators, 
and  other  devices  available  in  this  commonly  used  band.  Figure 
3-10  is  a  block  diagram  of  the  receiver  subsystem. 

The  receiver  antennas  were  high-density  polyethylene  lenses 
fed  by  corrugated  horns.  Steering  of  the  received  signals  was 
accomplished  by  gimbaled  mirrors.  The  receiver  windows  were  also 
made  of  high-density  polyethylene,  and  the  four  windows  were 
protected  from  the  accumulation  of  rain  and  snow  by  canvas  and 
metal  awnings.  The  four  receivers  and  the  optical  beam  waveguide 
system  were  mounted  to  an  I-beam,  which  served  as  an  optical 
bench.  This  I-beam  was,  in  turn,  fixed  to  two  steel  pedestals 
resting  on  concrete  slabs  in  the  ground.  The  entire  receiver 
subsystem  was  housed  in  a  semi-trailer,  which  was  insulated, 
heated,  and  air  conditioned  for  all-weather  operation.  Figure  3- 
11  is  a  photograph  of  the  receiver  trailer. 

A  fifth  receiver  aperture,  located  below  the  second  aperture 
from  the  right  as  the  trailer  is  viewed  from  the  side  on  which 
the  apertures  are  located,  was  also  used  for  some  measurements. 


Photograph  of  the  interior  of  the  receiver  trailer 
showing  beam  waveguide  lenses.  The  local 
oscillator  is  at  the  far  end  of  the  beam  and  one  of 
the  receiver  lenses  can  be  seen  near  the  top  of  the 
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Figure  3-10.  Block  diagram  of  the  double-conversion  receiver 
showing  relationship  to  beam  waveguide. 


The  vertical  spacing  of  this  aperture  (number  5)  from  aperture  2 
was  chosen  to  equal  the  horizontal  spacing  between  apertures  1 
and  2.  This  fifth  receiver  antenna  was  rarely  used,  and  almost 
all  of  the  meaningful  measurements  obtained  at  Flatville  were 
made  with  the  horizontal  array  of  four  antennas  discussed  in  the 
paragraph  above. 

3. 2. 1.3  Signal  Combiner 

If  signals  from  a  pair  of  antennas  are  combined  vectorially 
and  the  resulting  power  is  measured  by  a  receiver,  the  power 
measured  will  be  (111: 


h'nl’  -  h'll*  t  2|V,|  |Vj|  P(r)  cos[an  -  ^(r)] 


(3-1) 

where  and  V2  are  the  individual  antenna  signals  and  P  (r) 
and  B(r)  are  the  factors  of  the  mutual  coherence  function,  which 
is  a  measure  of  the  effects  of  the  atmosphere  on  propagation  of 
the  signal.  The  term  is  a  deliberately  introduced  phase  shift 
which  is  stepwise  variable  over  the  range  0,  90,  180,  and  270 
degrees.  If  this  phase  shift  is  varied  over  this  range,  the  four 
signals  Vq,  Vgg,  Vj^gQ,  and  V270  will  be  generated,  and  it  is 
possible  to  solve  forBandPin  terms  of  them  as  follows: 


B(r)  =  lan"' 


(3-2) 


These  combinations  of  signals  are  generated  from  raw  data  in  the 
signal  combiner,  which  operates  at  30  MHz  as  mentioned  above. 
Figure  3-12  is  a  block  diagram  of  the  signal  combining  subsystem 
of  the  turbulence  instrumentation.  Only  two  channels  are  shown 
for  clarity;  the  actual  system  has  six  such  channels, 
corresponding  to  the  six  possible  antenna  spacings,  and  the 
actual  combining  was  done  in  a  slightly  different  way,  although 
the  concept  is  the  same. 


3. 2. 1.4  Meteorological  Instrumentation 

Although  the  meteorological  instrumentation  subsystem  was 
the  responsibility  of  the  group  from  NOAA,  it  will  be  briefly 
described  here  for  completeness.  During  the  times  in  which 
millimeter  wave  data  were  being  acquired,  simultaneous 
measurements  of  pertinent  meteorological  parameters  were  made. 
These  parameters  included  temperature,  humidity,  3-dimensional 
wind  velocity,  temperature  and  humidity  structure  parameters, 
optical  index  of  refraction  structure  parameters,  and  particle 
size  spectra.  These  variables  were  measured  at  the  same  height 
as  the  MMW  propagation  path  at  two  different  stations  placed 
downwind  from  the  path.  These  meteorological  variables  serve  to 
relate  the  MMW  results  measured  to  those  obtained  from  the 
turbulence  theory.  Figure  3-3  shows  how  the  stations  which 
collected  these  met  data  were  situated  relative  to  the 
propagation  path  and  the  prevailing  wind,  and  Figure  3-13  is  a 
photograph  of  one  of  these  met  stations.  A  total  of  39  channels 
of  met  data  were  transmitted  over  fiber-optic  links  to  the 
receiver  trailer,  where  they  were  stored  on  magnetic  tape  in  time 
coincidence  with  the  28  channels  of  MMW  data. 
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Photograph  of  one  of  the  met  stations,  showing 
left  to  right:  a  Lyman-  hygrometer,  a  sonic 
anemometer  and  a  prop-vane  anemometer.  The  Lyman- 
and  sonic  anemometer  have  a  fine-wire  temperature 
probe  at  their  centers.  On  the  lower  level  are 
two  psychrometers  and  a  Vaisala  humidiometer. 


3. 2. 1.5  Data  Collection/Processing  Subsystem 

The  data  collection  system  consisted  of  three 
microcomputers  operating  in  parallel,  a  hard  disk,  a  video 
monitor,  printer,  and  a  magnetic  tape  system.  The  28  MMW  signals 
from  the  signal  combiner  discussed  above  were  fed  into  a  bank  of 
signal  conditioners,  multiplexed  to  an  analog-to-digital  (A/D) 
converter  and  stored  on  tape  along  with  the  39  channels  of  met 
data.  The  met  data  were  partially  processed  and  A/D  converted  by 
field  computers  located  at  the  two  met  stations.  The  main 
function  of  the  computer  is  thus  seen  to  be  data  accumulation  and 
storage,  but  it  also  performed  a  variety  of  other  functions  which 
monitored  the  performances  of  both  the  MMW  and  met  systems. 
Among  other  tasks,  the  computer  performed  on-line  calculations 
of  Pand  8,  output  met  data  to  chart  recorders  for  monitoring,  and 
greatly  aided  in  calibrating  the  MMW  system.  Although  off-line 
data  processing  is  normally  the  province  of  larger  and  faster 
computers,  the  data  collection  computer  has  also  performed  this 
function  in  a  limited  way,  mostly  for  quick-look  calculations  on 
small  amounts  of  data. 

3.2.2  Results 

Although  detailed  analysis  of  the  MMW  turbulence  data  is 
still  under  way,  and  may  continue  for  some  time,  some  very 
interesting  and  useful  results  are  available.  Intensity 
fluctuations  range  from  near  zero  in  a  heavy  fog  to  about  50%  of 
the  nominal  amplitude  peak-to-peak  on  a  hot,  humid  summer  day. 
Fluctuations  in  rain  and  snow  fall  somewhere  between  these  two 
extremes.  Phase  fluctuations  range  out  to  ±Tr  on  a  hot,  humid 
summer  day,  corresponding  to  an  angle-of-ar rival  of  200 
microradians  peak-to-peak.  It  appears  that  the  log  amplitude 
variance  of  the  amplitude  fluctuations  increases  with  frequency 
as  as  predicted  by  theory.  The  distribution  of  intensity 
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3. 2. 1.5  Data  Collection/Processing  Subsystem 

The  data  collection  system  consisted  of  three 
microcomputers  operating  in  parallel,  a  hard  disk,  a  video 
monitor,  printer,  and  a  magnetic  tape  system.  The  28  HMW  signals 
from  the  signal  combiner  discussed  above  were  fed  into  a  bank  of 
signal  conditioners,  multiplexed  to  an  analog-to-digital  (A/D) 
converter  and  stored  on  tape  along  with  the  39  channels  of  met 
data.  The  met  data  were  partially  processed  and  A/D  converted  by 
field  computers  located  at  the  two  met  stations.  The  main 
function  of  the  computer  is  thus  seen  to  be  data  accumulation  and 
storage,  but  it  also  performed  a  variety  of  other  functions  which 
monitored  the  performances  of  both  the  MMW  and  met  systems. 
Among  other  tasks,  the  computer  performed  on-line  calculations 
of  Pand  B,  output  met  data  to  chart  recorders  for  monitoring,  and 
greatly  aided  in  calibrating  the  MMW  system.  Although  off-line 
data  processing  is  normally  the  province  of  larger  and  faster 
computers,  the  data  collection  computer  has  also  performed  this 
function  in  a  limited  way,  mostly  for  quick-look  calculations  on 
small  amounts  of  data. 

3.2.2  Results 

Although  detailed  analysis  of  the  MMW  turbulence  data  is 
still  under  way,  and  may  continue  for  some  time,  some  very 
interesting  and  useful  results  are  available.  Intensity 
fluctuations  range  from  near  zero  in  a  heavy  fog  to  about  50%  of 
the  nominal  amplitude  peak-to-peak  on  a  hot,  humid  summer  day. 
Fluctuations  in  rain  and  snow  fall  somewhere  between  these  two 
extremes.  Phase  fluctuations  range  out  to  ±7r  on  a  hot,  humid 
summer  day,  corresponding  to  an  angle-of-ar rival  of  200 
microradians  peak-to-peak.  It  appears  that  the  log  amplitude 
variance  of  the  amplitude  fluctuations  increases  with  frequency 
as  as  predicted  by  theory.  The  distribution  of  intensity 
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fluctuations  appears  to  be  log  normal,  and  that  of  phase 
fluctuations  is  normal,  also  predicted  by  theory.  It  also  has 
been  verified  that  water  vapor  in  the  atmosphere  has  a  strong 
effect,  causing  MMW  index  of  refraction  structure  parameters  to 
be  several  orders  of  magnitude  larger  than  those  in  the  visible 
spectrum.  The  next  few  subsections  separately  present  results 
obtained  in  clear  air,  rain,  snow,  and  fog.  Some  of  the  figures 
in  these  sections  are  the  result  of  data  processing  by  NOAA,  and 
were  furnished  by  NOAA  to  Georgia  Tech. 

3. 2. 2.1  Clear  Air  Results 

As  was  mentioned  earlier,  turbulence  fluctuations  are  larger 
in  clear  air  than  for  any  other  atmospheric  condition.  It  is 
also  true  that  the  theory  of  turbulence  in  clear  air  is  much  more 
mature  than  for  other  conditions,  which  is  fortunate  because  the 
effects  of  turbulence  in  turbid  weather  are  more  difficult  to 
explain,  and  if  turbid  weather  effects  were  dominant,  the 
necessity  for  explaining  them  would  become  more  urgent.  Figure 
3>14  shows  Intensity  fluctuations  measured  at  142  GHz  on  a  hot, 
humid  summer  day,  and  Figure  3-15  is  a  copy  of  a  chart  recorder 
trace  which  shows  the  corre‘'ponding  phase  fluctuations.  Figure 
3-16  shows  intensity  fluctuations  measured  at  173  GHz  under  the 
same  types  of  conditions.  These  fluctuations  are  perhaps  the 
largest  observed  during  the  Flatville  series  of  measurements. 
Table  3-1  summarizes  the  atmospheric  conditions  under  which  these 
173  GHz  measurements  were  made.  Figure  3-17  gives  the 
probability  distribution  of  the  173  GHz  fluctuations,  and  shows 
that  the  log-normal  distribution,  predicted  by  thee  ry,  is  a 
better  fit  to  the  data  than  the  normal  distribution.  Figure  3-18 
shows  the  probability  distribution  of  the  173  GHz  phase 
fluctuations,  which  are  normally  distributed,  in  accordance  with 
theory.  Figure  3-19  shows  measured  values  of  the  phase  structure 


Copy  of  a  chatt  recorder  trace  showing  fluctuations 
observed  at  142  GHz  on  a  hot  humid  sunny  day. 
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Summary  of  Metoerological  Parameters 
Corresponding  to  Figures  3-16  and  3-18. 


Average  Values 

1 

Humidity 

19  g/m^ 

Temperature 

32“C 

Wind  speed 

5.3  ra/s 

Wind  ang’ ' 

10“ 

Pressur 

993  mb 

Solar  flux 

94%  of  full  sun 

Wind  stress 

-0.14  (m/s)^ 

Humidity  flux 

0.1  (g/m  )/s 

Temperature  flux 

0.03*C  m/s 

Stability 

-0.03 

Square  Roots  of  Variances 

Humidity  0.72  g/m^ 

Temperature  0.35*C 

Wind  speed  1.2  m/s 

Wind  angle  11* 

Streamwlse  wind  component  1.1  m/s 

Cross-stream  wind  component  1.0  m/s 

Vertical  wind  component  0.54  m/s 
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Figure  3-17 


Intensity  probability  distribution  function 
corresponding  to  Figure  3-16.  Note  that  the  log 
normal  distribution  is  a  better  fit  to  the  data. 
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Figure  3-19.  Phase  structure  function  for  six  different  runs  on 
the  same  day.  The  solid  curve  is  the  result  of  a 
calculation  based  on  an  assumed  outer  scale 
dimension  of  14  m.  44 


function  for  several  different  values  of  at  173  GHz,  and 
Figure  3-20  shows  the  corresponding  values  of  the  mutual 
coherence  function.  It  is  expected  that  many  more  results  at  the 
other  frequencies  will  become  available  in  the  near  future  as 
more  data  tapes  are  processed  and  processing  algorithms  are 
perfected . 

3. 2. 2. 2  Results  Obtained  in  Rain 

In  the  course  of  the  Platville  series  of  measurements,  rain 
proved  to  be  the  only  atmospheric  effect  which  caused  the 
propagation  link  to  be  essentially  totally  lost.  This  result  is 
in  accordance  with  Mie  scattering  theory,  which  predicts  that 
attenuation  due  to  rain  is  essentially  constant  for  a  given  rain 
rate  for  wavelengths  ranging  from  several  millimeters  to  the 
infrared  portion  of  the  spectrum.  One  of  the  most  interesting 
results  obtained  in  rain  is  shown  in  Figure  3-21,  which  shows  the 
signal  received  at  173  GHz  as  a  function  of  time  during  a  heavy 
rainstorm.  The  rain  rate  during  this  storm  was  60  mm/hr  at 
times,  and  Figure  3-21  shows  that  the  signals  from  the 
transmitter  are  not  detectable  at  these  times.  Figure  3-22  is  a 
copy  of  a  chart  recorder  trace  from  a  weighing  bucket  rain  gauge 
corresponding  to  the  data  of  Figure  3-21.  For  this  instrument, 
the  rain  rate  is  proportional  to  the  slope  of  the  trace. 

Some  rain  results  were  also  obtained  at  230  GHz.  Figure  3- 
23  shows  rain  rate  as  measured  by  an  optical  rain  gauge,  and 
Figure  3-24  shows  the  corresponding  amplitude  probability 
distribution  function.  Note  that  the  distribution  is  much 
narrower  than  the  corresponding  distribution  in  clear  air  shown 
in  Figure  3-17.  Note  also  that  there  are  several  peaks  in  the 
distribution,  each  apparently  corresponding  to  a  time  of 
generally  constant  rain  rate  occuring  during  the  data  cun.  The 
number  of  peaks  in  the  distribution  and  the  number  of  regions  of 
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constant  rain  rate  may  not  correlate  perfectly  because  the  rain 
gauge  propagation  path  did  not  coincide  with  the  MMW  path.  Note 
also  that  the  PDF  of  Figure  3-24  is  apparently  truncated.  Figure 
3-25  shows  the  corresponding  phase  PDF.  This  distribution 
appears  to  be  Gaussian  although  the  rain  rate  changed 
significantly  during  the  time  that  this  distribution  was 
measured.  Figures  3-26  and  3-27  show  the  spectra  of  intensity 
and  phase  fluctuations  respectively,  corresponding  to  the  rain 
results  discussed  above.  The  different  spectra  shown  in  each 
figure  correspond  to  different  methods  of  averaging  the  results. 
The  solid  line  spectrum  in  each  case  was  obtained  by  dividing  the 
data  into  up  to  20  segments,  taking  the  Fourier  transform  of  each 
and  averaging  the  results.  The  dashed  line  spectrum  was  obtained 
by  considering  the  entire  data  run,  or  a  reasonably  stationary 
part  of  it,  and  taking  the  Fourier  transform.  As  a  result  of 
these  methods  of  deriving  the  spectra,  the  solid  curve  may  be 
considered  to  be  more  valid  for  the  higher  frequencies  (2  -  50 
Hz),  and  the  dashed  curve  more  valid  for  the  range  up  to  2  Hz. 
The  large  contribution  of  low  frequency  phenomena  to  the  spectra 
results  at  least  partially  from  Instrumental  drift,  but  in 
several  instances,  low  frequency  changes  were  seen  which 
corresponded  to  this  low-frequency  spectral  content. 

3. 2. 2. 3  Fog  Results 

The  smallest  fluctuations  in  both  amplitude  and  phase 
measured  at  Flatville  occurred  in  fog.  Apparently  the  air  Is 
very  calm  and  the  atmosphere  is  very  stable  in  terms  of  changes 
in  temperature  and  humidity.  Figure  3-28  is  a  copy  of  a  recorder 
trace  of  signals  received  in  a  heavy  fog,  showing  the  extreme 
quietness  of  the  fluctuations.  At  the  time  of  these 
measurements,  the  visibility  was  estimated  to  be  about  100  m,  but 
no  method  of  quantitatively  determining  the  visibility  was 
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Figure  3-25.  Phase  probability  distribution  function 

corresponding  to  Figures  3-23  and  3-24.  Apparently 
the  gaussian  profile  is  maintained  independent  of 
rain  rate. 
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Intensity  power  spectra  corresponding  to  Figures  3 
23  through  3-25.  The  two  curves  are  derived  by 
different  averaging  methods  as  described  in  the 
text. 
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Figure 


-27.  Phase  difference  power  spectra  corresponding  to 
Figure  3-26. 
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available.  Despite  this  poor  visibility,  the  MMW  signals  were 
received  with  little  apparent  degradation  of  signal-to-noise 
ratio  (SNR)  compared  to  the  clear-air  case. 

3. 2. 2. 4  Results  Obtained  in  Snow 

Several  snow  events  were  observed  at  Flatville,  and 
measurements  were  obtained  at  116,  142  and  230  GHz.  A  typical 
snowstorm  would  deposit  perhaps  30  cm  of  snow  in  6-8  hours,  and 
would  be  accompanied  by  winds  up  to  25  m/s.  Near  the  ends  of  the 
storms  observed  at  Flatville,  it  was  not  possible  to 
differentiate  between  falling  snow  and  ground  blizzards  caused  by 
the  high  winds.  Despite  these  seemingly  violent  atmospheric 
conditions,  the  MMW  signals  were  propagated  with  little 
apparent  attenuation,  since  the  SNR  was  always  adequate,  and  the 
fluctuations  in  amplitude  and  phase  were  much  smaller  than  those 
observed  in  clear  air.  Figure  3-29  is  a  copy  of  a  recorder  trace 
of  signals  received  at  116  GHz  during  a  heavy  snow,  and  Figures 
3-30  and  3-31  show  the  spectra  of  power  and  phase  fluctuations, 
respectively.  It  is  perhaps  surprising  that  during  snowstorms, 
when  large  particles  were  in  the  air  and  were  being  violently 
agitated  by  high  winds,  the  intensity  and  phase  fluctuation 
levels  would  be  smaller  than  those  observed  during  clear-air 
conditions. 

3. 2. 2. 5  Summary  of  Results  Obtained 

The  largest  fluctuations  in  both  intensity  and  phase 
occurred  in  clear  air  under  conditions  of  high  temperature  and 
humidity,  and  the  smallest  occurred  in  fog.  Other  weather 
conditions  caused  effects  that  were  intermediate  between  these 
extremes  with  regard  to  fluctuations,  but  rain  causes  the 
greatest  problems  in  MMW  propagation  because  of  its  severe 
attenuation.  Of  all  atmospheric  conditions  observed  at 
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fluctuations  measured  in 
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Phase  diffarance  power  spectra  observed  in  snow  at 
230  GHz  for  three  different  antenna  spacings. 


Platville,  rain  was  the  only  one  that  completely  shut  down  the 
atmospheric  transmission  link,  and  this  near  total  attenuation 
occurred  only  once  while  measurements  were  being  made,  as  shown 
in  Figure  3-21.  At  other  times  during  rain  events,  the  signals 
were  observed  to  fluctuate  slowly  in  correlation  with  rain  rates 
observed  with  other  instrumentation  [171.  Figure  3-32  shows  the 
variance  of  phase  fluctuations  measured  in  clear  air  and  snow  at 
several  different  frequencies,  indicating  again  that  the  largest 
variations  occur  in  clear  air.  Table  3-II  lists  typical  standard 
deviations  of  amplitude  and  phase  fluctuations  measured  in  clear 
air,  rain,  snow,  and  fog.  Figure  3-32  and  Table  3-II  may  be 
considered  a  summary  of  the  results  of  the  measurements  made  at 
Flatville. 

In  any  atmospheric  measurement  program  the  bottom  line 
question  of  whether  or  not  the  atmosphere  affects  system 
performance  must  be  asked.  On  the  basis  of  the  preliminary 
results  obtained  thus  far,  it  must  be  concluded  that  the  effects 
are  probably  not  very  serious.  Intensity  fluctuations  affect 
signal  detection  probability,  but  only  at  near  maximum  ranges 
where  detection  may  be  marginal  in  any  case.  Angle-of-ar r ival 
fluctuations  cause  angular  errors,  but  this  effect  is  most  severe 
in  clear  weather  where  sighting  methods  other  than  MMW  could  be 
used.  Nevertheless,  the  results  obtained  during  this  series  of 
measurements  must  be  considered  by  the  MNW  system  designer  for 
each  individual  system,  because  degradation  of  performance  caused 
by  turbulence  may  be  considerable  in  some  specific  applications. 
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Figure  3-32.  Comparison  of  i^ase  difference  variances  observed 
in  snow  at  116  GHz  and  230  GHz  to  clear-air 
variances  observed  at  116  GHz. 
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Table  3-  II 


TYPICAL  FLUCTUATION  LEVELS  IN 
MILLIMETER  WAVE  PROPAGATION 


•  TANOARD  DIVIATION8 

ANOLl  OF 
INT8N8ITY  ARRIVAL 
CONDITION  (FIR  CINT)  (  n  rad) 

3UMMIR  OAYTIMI 

CLIAR  AIR  7.4  It 

SNOW 

-NIAR  START  1.S  4.S 

-■LI28AR0  S.4  S.4 

-GROUND 

•  LIZZARD  1.4  4.4 

WINTIR  RAIN  1.0  S.S 

WINTIR  FOG  O.S  1.1 

Saaad  oa  10-«aooad  allaaa  of  data; 
I.9.,  1000  data  09l9t», 


4.  Conclusions 

As  Bontioned  ssrlisr,  the  agreement  between  measured  and 
calculated  turbulence  results  seems  to  be  rather  good  regardless 
of  which  theory  one  uses  to  describe  these  phenomena.  It  has 
been  said  that  the  state  of  clear-air  optical  turbulence  theory 
is  good  enough  for  all  Army  applications,  and  it  is  suggested 
here  that  the  same  conclusion  may  be  tentatively  reached  for  MMW 
turbulence  theory,  with  the  possible  exception  of  poor-weather 
turbulence.  Optical  system  performance  in  poor  weather  is  less 
of  an  issue  than  HMW  performance,  for  obvious  reasons,  but  the 
theory  for  optical  propagation  in  poor  weather  is  in  need  of  some 
attention.  The  reasons  for  these  gaps  in  poor-weather  theory  are 
obvious;  the  conditions  are  highly  variable  and  the  calculations 
are  almost  intractable.  It  is  of  some  comfort  to  realize  that 
the  worst  conditions  of  turbulence  by  far  for  MHW  applications 
are  f o and  in  clear  weather,  so  that  turbid  weather  turbulence  is 
not  of  great  concern.  The  remainder  of  this  section  assesses  the 
state  of  agreement  between  theory  and  experiment  obtained  using 
the  results  obtained  at  Platville. 

The  Platville  series  of  measurements  provide  essentially  all 
of  the  basis  for  the  assessment  of  the  state  of  agreement  between 
theory  and  experiment  available,  since  this  series  of 
measurements  was  very  carefully  instrumented.  The  majority  of 
the  Platville  results  referred  to  herein  are  given  in  Section  3. 
To  complement  these  comparisons  of  theory  and  experiment,  Figure 
4-1  (13)  shows  how  the  log  intensity  variance  as  determined  from 
actual  measured  data  compares  to  that  calculated  from 
determined  from  the  meteorological  instrumentation.  In 
determining  Cp^,  the  quantity  in  parentheses  in  Equation  (2-7)  is 
used,  with  the  cr oss -cor r el  a t  i  on  term  given  by  Equation  (2-8). 
These  measurements  were  made  at  173  GHz,  and  the  values  of  Cp 
for  each  of  the  six  data  runs  made  on  that  particular  day  in  July 
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Coaparison  of  calculations  of  using  the 

inertial  range  formula  to  measured  values. 


Piguce  4-1. 


1983  are  given  in  the  table  which  is  part  of  the  figure.  This 
figure  shows  that  the  predictions  of  theory  for  the  log  amplitude 
variance  are  always  slightly  higher  than  the  measured  values. 
The  conditions  shown  in  this  figure  represent  the  worst 
encountered  during  the  Flatville  series  of  measurements,  and  the 
value  ■  5.9  X  10“^^  is  the  largest  value  of  this 

parameter  measured  at  Flatville,  regardless  of  conditions.  This 
value  is  considered  useful  for  making  calculations  of  worst-case 
effects,  although  larger  effects  might  be  observed  at  other 
places  in  the  world.  It  is  certainly  possible  that  could  be 
larger  under  tropical  conditions  or  for  an  over-water  path,  but 
the  use  of  this  value  gives  a  good  indication  of  the  performance 
of  Army  MMW  systems  under  conditions  of  high  atmospheric 
turbulence.  Fluctuations  observed  at  night  were  generally  at 
least  an  order  of  magnitude  smaller;  evenings  were  used  for 
calibration  of  the  NMIf  equipment  because  the  atmosphere  was  very 
quiet. 

It  was  indicated  above  that  a  possible  shortcoming  of  the 
results  obtained  to  date  on  NMW  turbulence  effects  is  that  they 
are  perhaps  limited  by  the  range  of  climatic  conditions  observed 
at  Flatville.  For  example,  it  was  found  that  the  combination  of 
heat  and  humidity  cause  the  greatest  perturbations  of  MMW  signals 
propagated  through  the  atmosphere.  Although  very  hot  and  humid 
during  the  summer,  the  conditions  at  Flatville  do  not  approach 
those  at  some  locations  in  the  tropics  or  on  paths  over  water. 
To  assess  the  effects  of  turbulence  on  MMW  propagation  under 
these  conditions,  it  has  been  suggested  [181  that  a  MMW 
measuring  instrument,  similar  in  principle  to  those  developed  at 
NOAA  for  the  measurement  of  optical  Cp  ,  be  designed  and  built. 
Such  a  system  could  be  deployed  anywhere  in  the  world  and  would 
operate  unattended,  gathering  valuable  data  on  the  statistical 
occurrences  of  extremes  of  MMW  Cp‘.  With  two  receivers  as  shown 


in  Figure  4-2,  neasurements  of  relative  phase  shift  and  crosswind 
velocity  could  also  be  obtained.  After  building  one  such 
instrument,  others  could  probably  be  built  at  fairly  low  cost,  so 
that  a  network  of  such  devices  would  be  available  for  collection 
of  NNH  turbulence  statistics  at  several  points  of  interest  to  the 
Army  throughout  the  world. 

Only  minimal  comparison  of  the  results  of  theory  and 
experiment  are  possible  at  this  time  because  much  of  the  data 
analysis  is  yet  to  be  completed  by  NOAA.  Other  examples  ^f 
plausible  agreement  obtained  during  this  program  or  during  other 
studies  are  the  measurements  made  at  Burlington,  VT  with  results 
shown  in  Figure  3-2,  and  those  obtained  at  White  Sands  Missile 
Range  by  workers  from  Georgia  Tech.  As  far  as  can  be  determined, 
measurements  made  by  Soviet  workers  also  show  reasonably  good 
agreement  with  theory.  In  summary,  it  appears  that  the  state  of 
agreement  is  good,  and  that  further  comparisons  to  be  made  by 
NOAA  during  further  study  of  the  Flatville  data  will  further 
confirm  this  assessment. 
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Abstract 


The  effects  of  atoospherlc  turbulence  on  mllliaeter  wave  propagation  are  not  as  well  understood  .ib  n.. 
corresponding  effects  on  optical  propagation,  generally  because  of  the  strong  dependence  ot  turouience 
effects  on  the  absolute  humidity  structure  parameter  Cq^  (as  opposed  to  just  tne  temperature  struccur>' 
parameter  and  the  cross-correlation  C^q)  in  this  frequency  range.  Scattered  results  at  33,  ,  i,.  , 

220  GHs  are  available,  but  in  almost  all  cases,  available  atmospheric  data  are  inadequate,  general iv 
turbulence  measureMnts  were  obtained  incidental  to  other  propagation  experiments.  Tnls  paper  attemutb  i 
compare  available  results  to  theory,  and  shows  that  agreement  In  most  cases  Is  plausible.  An  experiment 
designed  to  characterize  millimeter  wave  turbulence  at  several  frequencies  of  interest,  wnlle  at  ttie  sx  , 
time  determining  values  of  appropriate  atmospheric  parameters,  will  be  discussed.  Included  in  tne  piaiuu 
Investigation  are  measurements  of  the  mutual  coherence  function  showing  angle-of-arrival  effects  and 
intensity  flucttiatlons. 


Int reduction 


The  recent  Increase  In  Interest  In  the  use  of  millimeter  waves  for  both  civilian  and  military  appiicuti 
has  caused  emphasis  to  be  placed  on  the  study  of  the  effects  of  the  atmosphere  on  radiation  in  tnls  troqu.. 
range.  Attenuation  by  oxygen  and  especially  water  vapor,  scattering  by  aerosols,  and  perturbations  oy 
atsvispherlc  turbulence  are  among  the  subjects  being  studied  at  several  laboratories  in  this  country  and 
throughout  the  world.  One  would  expect  all  of  these  effects  to  be  different  for  millimeter  waves  than  tor 
either  the  microwave  or  the  Infrared/visible  spectrum  because  of  the  peculiar  problems  associated  with  c: 
propagation  of  radiation  of  Intermediate  wavelengths  through  the  atmosphere. 


In  considering  atmospheric  turbulence  at  mlllimecer  wavelengths,  for  example,  the  contribution  or  cut. 
absolute  humidity  fluctuations,  measured  by  the  structure  parameter  Cq^,  must  be  considered  in  addition  to 
the  fluctuations  In  temperature,  ch^accerlzed  by  Che  structure  parameter  Furthermore,  the  cross- 

correlation  of  these  quantities,  Cjq,  which  may  be  either  positive  or  negative,  must  also  be  included  in  t 
analysis  of  millimeter  wave  Curbuledce  effects.  These  effects  include  fluctuations  of  both  intensity  ann 
angle-of-arrlval ,  and  both  of  these  phenomena  will  be  treated  In  some  detail  in  tnls  paper. 


In  Che  fall  of  1978,  mlllimecer  wave  propagation  measurements  were  made  by  Georgia  Tech  at  both  y4  ana 
GHz  at  White  Sands  Missile  Range,  New  Mexico,  over  a  2  km  path^.  Humidity,  temperature,  and  the  visible 
wavelength  index  of  refraction  structure  parameter  were  also  measured.  Significant  Intensity 
fluctuations  were  observed  at  both  frequencies  during  these  tests.  These  fluctuations  could  be  explained 
plausibly  by  a  theory  of  turbulence  effects  developed  by  Armand,  et  al. -,  who  Included  the  effects  ot  cne 
structure  functions  of  both  temperature  and  humidity  in  their  calculations,  although  the  cross-correlation 
these  parameters  was  not  adequately  treated.  A  treatment  including  this  cross-correlation  nas  been  give:: 
Hill,  et  al.^,  whose  theory  also  gives  plausible  agreement  with  the  White  Sands  results,  as  will  be  snown 
later.  Subsequent  measurements  were^m^e  during  winter  propagation  tests  near  nurllngton,  Vermont  at  ire- 
quancles  of  35,  95,  140,  and  220  CHz'*’^.  Again,  little  supporting  turbulence  related  meteorological  aaca 
available  because  turbulence  results  were  obtained  incidental  to  tne  propagation  measurements.  However,  i 
observed  effects  of  turbulence  showed  good  agreement  with  the  expected  theoretical  dependence  oi  the  lo^ 
amplitude  variance  on  both  frequency  and  range,  as  will  be  discussed  later.  The  results  of  these  measurt- 
ments,  together  with  a  discussion  of  their  comparison  to  the  theory  of  Hill,  et  al.  is  the  main  tnrusc  ui 
this  paper.  <- 
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Sine*  a  coapiata  charactarixatlon  of  Cha  acaoaphara  waa  not  avalXabia  bocausa  of  llaltaclona  in  instru- 
■ancatlon.  It  waa  nacaaaary  to  aaka  aoaa  laproviaatlona  in  cna  coaparlaon  at  thaory  and  oxpariaant.  tor  cno 
Whlta  Sanda  aaaauraaanca ,  tha  log  aapllcudo  varlanco  waa  datoralnad  troa  cha  chart  racordar  tracings  tor  both 
tha  94  and  140  CHa  propagation  llnka.  Tha  valuaa  of  thia  paraaacar  wara  than  subscicucad  into  tha  aquation 
for  log  oaplltuda  varionca  dorivod  by  Hill,  oC  al.  to  doduca  tha  valuaa  of  cna  abaoluta  htaiidity  scructura 
paraaacar  which  according  to  thaory  would  hava  cauaod  tha  ailliaatar  wava  affaecs  obsarvad.  This  para¬ 
aacar  (along  with  Cjq)  is  tha  only  faetjor  in  Cha  aquation  not  aaasurad  at  Whita  bands.  An  assuapeion  was 
aada  about  cha  ralacionship  baewaan  Cq',  and  CfQ  chat  providaa  a  value  tor  cha  cross-corralatuon  as  will 

ba  axplainad  lacar.  Tha  rasult  of  tha  calculation  is  that  plaua^bla  values  tor  Cq"’  arc  obtained.  For  the 
Burlington  aeasuroaenca ,  values  of  the  log  oaplltuda  variance  -7.^  wars  dacaralned  froa  chart  racordar  tracas 
for  four  differanc  frequanclea  .>  and  C%ra  diffarant  ranges  L.  For  tha  longer  range,  ■  *  follows  tha  tha  thao- 
ratical  ''^variation  very  wall,  but  Che  ograaaant  for  short  path  la  not  as  good.  The  data  follow  tne 
range  dependence  fairly  closely.  Both  sacs  of  aaasureaents  will  ba  discussed  in  aore  detail  in  the  following 
sections. 


Results  of  Thaory 

3 

Rill,  Clifford,  and  Lawrence  have  derived  an  expression  for  tha  log  nplltude  variance  of  the  fluctua¬ 
tions  of  eleccroaagneclc  radiation  propagating  through  the  turbulent  acaosphere  which  holds  for  aicrowave 
through  optical  frequencies  and  aalncaina  cha  dependence  on  Cq^.  and  C-fQ.  This  equation  coaprises 

separate  contributions  froa  the  real  and  imaglitary  parts  and  troa  the  cross-correlation  of  these  parts,  as 
follows: 


o  ^  .  a  ^  +  o^s-o 
X  R  I  IR 


(1) 


where  R,  I, 
part  of  c  2 

X 


and  IR  refer  to  the  real,  imaginary,  and  cross-correlation  contributions,  respectively, 
is  given  by 


Y  ^  <T>^ 


-7/31 


+  A, 


■y  ^  *Q*T  <Txg> 


)■ 


The  real 


(2) 


where  k  is  wavenumber,  <T>  is  the  mean  value  of  temperature,  <:)>  is  the  mean  value  of  absolute  humidity,  and 
L^  is  Che  outer  scale  dimension.  The  dimensionless  parameters  and  A^  are  given  by 


A.^  -  <T>  1^  X  10~^ 

^  P.Q 


‘x  ■  “  P,I  ‘ 


(3) 


(4) 


where  N  is  the  refracclvlcy  of  the  acaosphere.  A  third  equation  involving  A^  where  P  is  atmospheric  pressure 
must  also  be  considered  but  pressure  fluctuations  are  shown  in  Reference  3  to  have  a  negligible  effect  on 
refractive  index  fluctuations  at  all  frequencies  of  interest.  The  refractlvity  N  is  given  by: 

N  -  (n-1)  X  10**  -  (77.6  ’K/mb)  |  +  (1.71  x  10^  ‘K/g/a^)^  ,  (5) 


where  P  is  in  millibars,  T  is  in  degrees  Kelvin,  and  H  is  in  g/m^.  This  equation  neglects  terms  whicn  re¬ 
present  dispersive  contributions  to  the  real  part  of  the  refractive  index  in  the  neighborhood  ot  millimeter 
wave  absorption  lines.  References  3  and  6  show  plots  ot  the  refractlvity  whicn  support  tne  fact  that  dispersive 
contributions  are  at  most  a  few  percent  in  the  frequency  regluns  between  lines,  and  therefore  they  would  nut 
have  an  important  contribution  to  turbulence  phenomena.  Combining  bquatlons  (3),  (<*),  and  (3)  finally  gives 
for  Aj  and  A  : 


A^  •  -N  X  10  **, 


(■  ) 


A^  -  (1.71  X  10^  'K/g/m^  X  lo"**. 


('•) 
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Th«  concrlbutlona 
bacaua*  thay  contain 


of  tha  paraaatara  and 

a  paraaator  givan  by: 


ik 


to  tna  log 


aaplltuoa  varlanca  am  cunaidcred 


ol« 


( 


whara  B  la  tha  ataoapharic  abaorption  coafflclant.  In  tna  low-traquency  window  regiona,  tnia  parameter  le 
conaldarad  nagllglbla,  aa  la  bocna  out  by  calculatlona  diapiayed  graphically  In  keterences  3  and  . 


Finally,  It  la  nccaaaary  to  davlaa  aoac  aort  of  value  for  the  croaa-correlatlon  tens  In  ctjuatiun 
Hill,  at  al.^  Buggeat  that  an  order-of-aagnltude  eatlaate  for  la 


<T><y> 


(  ■) 


aaauaing  a  correlation  coefficient  of  ^  1.  For  calculatlona  in  thla  paper,  the  positive  sign  was  cnosen 
bacauae  data  were  taken  on  aunny  daya  whan  the  aurface  was  a  source  of  both  huoldity  and  neat  -  implying 
chat  humidity  and  ceaperacure  fluctuations  would  have  a  strong  positive  correlation. 


Using  tha  above  resulca.  It  la  possible  to  substitute  Into  Lquatlon  (2)  and  calculate  values  of  Cq  based 
on  substituting  values  of  a^2  obtained  from  chart  recorder  tracings  of  field  measurements,  a  later  section 
treats  Che  coaparlson  of  values  of  C  determined  In  this  way  at  94  and  14u  UHz,  and  also  compares  tne  tre- 
quency  and  range  dependences  of  field  neasureaancs  to  chose  given  by  Equation  (2). 


Description  of  Experiments 

Two  secs  of  measurements  are  used  for  comparison  with  theory  In  this  paper,  namely  the  propagation  tests 
mentioned  earlier  chat  were  conducted  at  White  Sands  Missile  Range,  NH,  and  chose  conducted  at  Burlington, 
VT.  For  both  sets  of  teats,  meteorological  data  Including  temperature,  humidity,  wind  speed  and  direction, 
and  optical  Cq^  were  generally  available;  but  unfortunately  many  of  the  sensors  for  the  Burlington  measure¬ 
ments  were  damaged  in  a  storm  the  night  before  Che  measurements  were  made.  Measurements  of  Cq-  and  (.jq  were 
not  available  for  either  case,  which  emphasizes  a  serious  need  for  making  dedicated  measurements  of  milli¬ 
meter  wave  turbulence  effects.  Both  secs  of  turbulence  data  were  obtained  Incidental  to  ocher  propagation 
tests.  A  system  designed  for  making  such  dedicated  measurements  Is  described  In  Reference  7. 


Figure  1  Is  a  sketch  of  the  experimental  arrangement  used  for  the  White  bands  tests,  which  were  conducted 
sc  94  and  140  GHz  over  a  2  km  path  In  Che  desert.  The  transmitters  used  for  both  frequencies  were  tree¬ 
running  klystron  oscillators  with  about  30  mW  power  output.  A  precision  rotary  vane  attenuator  was  used  to 
calibrate  several  levels  of  attenuation  for  the  94  GHz  system,  but  it  was  necessary  to  calibrate  tne  14u  OHz 
attenuation  by  simply  blocking  or  unblocking  the  transmitter.  The  transmitters  were  1UU4  modulated  uitn  a  1 
kHz  square  wave  to  facilitate  the  use  of  phase  sensitive  detection.  Both  transmitter  and  receiver  antennas 
were  horn- lens  combinations  with  beamwldchs  of  Z  degrees  for  each  frequency,  and  measurements  were  made 
simultaneously. 


Superheterodyne  receivers  were  used  for  both  frequencies.  The  94  GHz  receiver  used  a  fundamental  mixer 
with  a  local  oscillator  near  94  GHz,  while  the  14U  GHz  receiver  used  a  harmonic  mixer  pumped  by  a  7g  gkz 
klystron.  Phase  sensitive  detection  with  lock-in  amplifiers  was  used  for  both  channels,  with  tne  I  xnz 
reference  from  the  transmitter  modulator  transmitted  over  twisted-pair  line  to  tne  receiver,  under  these 
conditions,  it  was  necessary  to  reduce  transmitted  power  to  avoid  saturating  the  receiver.  Receiver  outputs 
were  recorded  on  a  dual  channel  chart  recorder. 


TWO  different  systems  were  used  to  make  the  Burlington  measurements.  The  first  system  usee  transmitter 
and  receiver  vans  separated  by  about  6U0  m,  and  operated  at  frequencies  of  94,  14u,  and  22G  Gmz.  Tne  crans- 
mltters  were  based  on  the  pulsed  extended  interaction  oscillator  tube  built  by  Varian  Canada,  and  tne  re¬ 
ceivers  were  simple  video  detectors.  Cassegrain  antennas  with  bO  cm  diameters  were  used  tor  both  transmitters 
and  receivers.  Unfortunately,  the  data  obtained  with  this  system  did  not  have  sufficient  gain  to  permit 
accurate  determinations  of  the  values  of  from  the  recorder  tracings.  Data  trom  tne  seconu  system  were 
therefore  used  for  the  comparison  to  be  discussed  In  the  next  section. 

Tha  second  system  Included  pulsed  radars  at  33,  93,  14U,  and  217  GHz  which  used  L'lPATT  transmitters  ana 
local  oscillators.  This  system  used  corner  cube  reflectors  at  ranges  of  132  ana  blu  m  to  generate  returns 
and  was  originally  designed  to  measure  absolute  atmospheric  attenuation  at  these  trequencies.  ligure  .  is  a 
schematic  diagram  of  tha  sacond  system. 


90  /  Smt  Vo!  337  Mrnmmtf  kVav#  Itthnohfff  11993) 


Tha  ■•••uraMnC*  Md«  at  Whlca  Sanda  Mlaaila  Hanna  %iara  divtdad  Into  a  nuabar  ot  aaparaca  "avanca"  In 
which  an  axploalva  charga  waa  datonatad  in  tha  propagation  patn  and  tha  aubaaquant  datarloration  ot  aiill- 
■acar  wava  algnala  waa  obaarvad  at  tha  racalvar.  Haaauraaanta  ot  turbuianca  attacta  wara  nacaaaarily 
conllnad  to  tlaaa  ailghtly  bafora  and  aftar  thaaa  avanta,  bacauaa  tha  prlaary  purpoaa  ot  tha  axparlaanti  was 
to  obaarva  propagation  through  duat.  Unfortuaataly ,  thara  ware  only  fiva  avanta  In  which  both  tha  and  IxU 
CHx  ayataaa  oparatad  alaultanaoualy  wall  anough  to  aaanlngfully  coapara  turbuianca  affacta. 

In  coaparlng  thaory  and  axparlaanta,  aaaaurad.valuaa  of  P,  T,  and  wara  aubatltutad  Into  bquattona 

(2),  (3),  (4).  and  (i)  to  dataraina  valuaa  of  Cq  for  both  94  and  i4U  UHx.  Tabla  I  glvaa  valuaa  of  para- 
satara  uaad  to  aaka  thaaa  calculatlona.  waa  dataralnad  froa  aaaauraaanta  of  optical  acintlllatlon  by 

ualng  tha  ralatlon 


/c 

‘  \79r 


whert  C  Is  Chs  vlslbls  4sy«X«figth  ladsx  of  rsfrsctlon  scructurs  psrsaster,  snd  P  is  nsssured  in  mliilbsrs. 
Table  iS  glvaa  valuaa  of  obtalnad  froa  chart  racordar  traclnga  and  valuaa  of  C_^  dataralned  ualng 
equation  (10),  for  each  event.  Slaultanaoua  data  at  tha  two  ftaquenclaa  wara  not  obtalnad  for  Eventa  a-1  and 
0-1,  aa  indicatad  in  the  Table.  Figure  3  coaparea  Cq  dataralned  in  thla  way  froa  94  and  140  OHz  meaaure- 
oanta  for  each  of  tha  five  eventa  for  which  alaultanaoua  data  wara  obtained.  The  aolld  curve  haa  unity 
slope,  and  all  of  tha  polnta  ahould,  of  courae,  lie  on  thla  atralght  line  for  Ideal  agreaaent  with  theory. 

It  is  also  possible  to  coapare  aaasuraaants  of  tha  frequency  dependence  of  the  log  aaplitude  variance  to 
theory.  The  log  aaplitude  variances  calculated  at  the  two  frequencies  are  related  by 


“x  (l^O) 


W’ 


according  to  Equation  (2).  Figure  4  shows  the  coaparlson  bac»ieen  values  of  this  paraaeter  aeasured  at  the 
two  fraquenclcs  for  the  five  events.  Again,  the  points  should  lie  on  the  straight  line  given  by  Equation 


The  variance  of  angle-of-arrlval  fluctuations  for  a  spherical  wave  Is  given  by 

0  ^  •  0.54  LC  ^  r"^^^ 

A  n 


'.'here  r  Is  antenna  spacing  and  a  la  aeasured  In  radians.  Although  angle-of-arrlval  fluctuations  were  not 
measured  at  White  Sands,  It  is  of  Interest  to  deteralne  their  aagnltude  using  values  of  C  calculated  from 
Eqqatlon2(2).  In  making  this  determination,  note  that  the  factor  In  parentheses  In  this  equation  Involving 
"  ,  Cq  ,  and  C^q  is  just  the  millimeter  wave  C  Figure  5  is  a  plot  of  peak-to-peak  (ha.)  angle  of  arrival 
fluctuations  versus  C  -  using  values  of  this  parameter  derived  at  94  GHz.  Since  In  millimeter  wave 
dcmospherlc  windows  Is  approximately  Independent  of  frequency,  by  Equation  (12)  neglecting  dispersion,  the^ 
results  In  Figure  5  may  be  taken  as  a  representative  prediction  for  millimeter  wave  windows.  Values  of  C  ^ 

.irc  noted  on  the  curve,  although  this  curve  Is  not  Intended  to  compare  theory  and  experiment.  It  is  slmpS!y 
intended  to  show  expected  values  of  angle-of-arrlval  for  Che  observed  range  of  An  antenna  spacing  or 

'i  m  was  used  for  these  calculations. 


That  Che  values  obtained  for  C  ace  reasonable  can  be  seen  from  the  following  plausibility  arguments.  If 
w.'iter  vapor  were  thoroughly  mlxed"so  chat  Its  density  fluctuations  were  driven  solely  by  temperature  fluctua¬ 
tions,  the  following  relation  would  hold 


<(ii))^>^^^ 


<(6T)^>^^^ 
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In  tha  csm  of  vary  (trong  hualdlty  fluctuations^. 


2 

%rtiich  Is  a  raaaonabla  rasult.  Indicating  that  tha  valuas  of  obtained  In  this  way  are  plausible. 

2 

Finally,  tha  fraquancy  and  range  dependences  of  0^  aeasured  at  Burlington  were  compared  to  experiment  at 
35,  95,  140,  and  217  GHz.  Values  of  obtained  from  the  chart  recorder  tracings  are  plotted  as  a  function 
of  fraquancy  for  tha  610  ■  path  In  Figure  6.  The  best-fit  curve  having  a  v  dependaDce  was  drawn  through 
tbaaa  points  (virtually  a  straight  line).  A  change  in  corresponding  to  was  then  scaled 

downmrd  on  the  graph,  and  a  second  straight  line  was  drawn  parallel  to  the  first.  Values  of  for  a 

range  of  152  ■  were  plotted  on  this  graph.  As  seen  in  the  figure,  the  agreement  with  the  dependence  is 

very  good  for  the  longer  path,  but  not  as  good  for  the  shorter.  It  Is  possible  that  near-field  effects 
contributed  to  errors  In  the  latter  data.  Also,  these  data  wre  unaccountably  noisier  chan  the  long  path 
data.  However,  Flgi^re  6  shotrs  chat  tha  agreement  bettteen  theory  and  experiment  for  the  frequency  and  range 
dependencies  of  ox  1*  generally  good. 

Future  Measurements 

A  dedicated  nllllneter  wave  turbulence  meeaurlng  facility  with  several  appropriate  meteorological  sensors 
Is  being  assembled  by  Georgia  Tech  and  NOAA  with  support  from  the  t/.S.  Army  Sesearch  Office.  This  system 
will  consist  of  blstatlc  trsnsmltter  and  receiver  systems  housed  In  trucks  and  will  probe  all  of  the 
atmospheric  wlndowa  and  abaorptlon  lines  In  the  range  118  GHz  to  340  GHz. 

The  transmitter  will  be  a  phase-locked  klystron  oscillator  with  an  offset  paraboloid  antenna  mounted  in  a 
step-van.  Four  receivers  with  separations  varying  from  1.4  to  10  m  and  pumped  by  a  single  local  oscillator 
will  be  used  to  measure  turbulence  induced  phase  and  amplitude  fluctuations,  from  which  the  atmospheric 
mutual  coherence  function  can  be  derived.  These  results  will  also  give  the  log  amplitude  variance  and  the 
magnitudes  of  phase  fluctuations  from  which  the  angle-of-arrlval  of  the  transmitted  wavefront  can  be 
determined.  The  receivers  will  be  mounted  In  a  semi-trailer  van  and  will  use  horn-lens  antennas.  Power  from 
Che  single  phase-locked  klystron  local  oscillator  will  be  distributed  to  the  four  receiver  mixers  by  a  system 
of  optical  beam  splitters  and  beam  waveguides.  The  propagation  path  Is  expected  to  be  about  2  km  in  length. 

A  complete  set  of  meteorological  Instrumentation  will  provide  atmospheric  data  coincident  with  the 
measured  phase  and  amplitude  fluctuations.  Measurements  of  >  ^tO’  >  humidity,  wind  speed 

and  direction,  and  aerosol  parameters  will  be  made.  Data  acquisition  and  some  limited  preprocessing  will  be 
accomplished  by  i.  microprocessor-based  computer  system,  which  will  simultaneously  store  atmospheric 
parameters  and  turbulence  data  on  tape.  Provision  is  also  being  made  to  record  measured  results  on  chart 
recorders  and  GST  terminals  to  continuously  monitor  the  data  acquisition  process. 

This  fsclllty  Is  expected  to  be  operational  in  the  fall  of  1982  with  frequency  coverage  from  118-174  GHz, 
with  the  other  frequencies  being  added  later.  Reference  7  gives  a  detailed  description  of  this  measurement 

system. 

Conclusions 

This  paper  compares  theory  to  experiment  based  on  two  sets  of  millimeter  wave  propagation  measurements 
obtained  with  limited  meteorological  data.  Agreement  in  all  cases  Is  generally  good,  but  it  is  again 
emphasized  that  dedicated  millimeter  wave  turbulence  measurements  must  be  made  before  realistic  conclusions 
can  be  drawn.  At  the  present  time,  only  scattered  data  are  available.  The  millimeter  wave  turbulence 
measuring  facility  discussed  briefly  in  the  preceding  section  is  designed  to  meet  the  need  for  more  detailed, 
dedicated  measurements. 
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te*  to  tha  MCura  of  Cho  MosuroMntt  dlscuasod  In  this  papar,  aosa  c«ra  ahould  ba  Cakan  in  ralatlng  thaa 
to  actual  aituattona  or  In  uaina  thaa  to  daaign  allllaatar  wava  apataaa.  Although  cha  agraaaanca  achlavad 
hava  baaa  ganarally  good,  thay  aay  ba  fortultoua.  It  doaa  appaar,  houavar,  that  tha  aagnltudaa  of  tha 
affacta  ara  graat  enough  ao  that  turbulanca  ahould  ba  conaldarad  In  tha  daaign  of  allllaatar  wava  ayataaa. 
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Figure  2.  Schematic  of  Burlington  Tests. 


Figure  I.  Plea  View  of  Experlaeacel 
ArrengeMnc  Uaed  for  White  Sends  Testa. 


Figure  3. 


2 

Conparlson  of  C.  Oetemined  from  94  and 
140  GHz  Measurements. 


2 

Figure  4.  Comparison  of  Oy"”  Determined 

from  94  and  140  GHz  Measurement 
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Figure  S 


Celculeced  Peak-co-Peek  Angle-of-Arrival 
Fluctuations. 


Figure  6.  Comparison  of  the  Frequency 
and  Range  Dependence  of 
Turbulence  Measurements  to 
Theory. 
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Millimeter  wave  atmospheric  turbulence  measurements: 
preliminary  results  and  instrumentation  for  future  measurements 
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Ahalioct.  Incroaaing  amphaais  <s  baing  placad  on  tha  study  of  the  effects  of 
atmoapbanc  turtMjIanca  on  tha  propagation  of  millimater  and  submillimeter 
weavas  bacauaa  of  tha  poiantial  usafulnass  of  thaaa  fraquancy  bands  m  both 
military  and  civilian  applications  Tha  charactarization  of  millimeter  wave  turbu- 
lanca  affacts  is  more  complicatad  than  that  of  tha  optical  propagation  case 
bacausa  (d  a  strong  dopandonco  on  tha  humidity  structure  parameter  Cq^.  as 
wall  as  on  tha  tamparatura  structure  parameter  Cj^  In  addition,  there  is  a 
dapandaiKe  on  the  cross- correlation  of  these  two  parameters,  denoted  by  Cjq. 
Measured  results  on  tha  effects  of  atmospheric  turbulence  on  millimeter  wave 
propagation,  which  include  both  amplitude  and  phase  fluctuations,  are  very 
limited  and  have  generally  bean  obtained  incidental  to  other  propagation  mea¬ 
surements.  However,  comparison  of  these  limited  experimental  results  with 
theory  has  shown  good  agreement.  This  paper  compares  scattered  results 
measured  at  35. 94. 1 40.  artd  220  GHz  to  theory,  and  shows  that  agreement  in 
most  cases  is  plausible.  A  future  experiment  specifically  designed  to  character¬ 
ize  millimeter  wava  turbulence,  with  special  emphasis  on  measurement  of  the 
pertinent  atmospheric  parameters,  is  also  described. 

Kay^ordt:  obscuration  a/facts  on  alectro-optie.  inirarad.  and  miUirrtater  wave  systems 
parformarKa:  millimataf  wava  propagation;  millimater  wave  instrumentation:  millime¬ 
ter  wava  turbularKa  maasuramants.  atmospheric  measurements;  angle-of- arrival 
fluctuations. 

Optieal  inginaarmg  22(1 1  032-039  (Janumy/ February  1983). 
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1.  INTRODUCTION 

The  recent  increase  in  interest  in  the  use  of  millimeter  waves  for  both 
civilian  and  military  applications  has  caused  some  emphasis  to  be 
placed  on  the  study  of  the  effects  of  the  atmosphere  on  radiation  in  this 
frequency  range.  Attenuation  by  oxygen  and  especially  water  vapor, 
scattering  by  aerosols,  and  perturbations  by  atmospheric  turbulence 
are  among  the  subjects  being  studied  at  several  laboratories.  One 
would  expect  all  of  these  effects  to  be  different  for  millimeter  waves 
than  for  either  the  microwave  or  the  infrared  visible  spectrum  because 
of  the  peculiar  problems  associated  with  the  propagation  of  radiation 
of  intermediate  wavelengths  through  the  atmosphere. 
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jwCtfptcU  lor  pubiKjIu'n  Nep  2U.  ('*^2.  rcccucd  b>  M  jnjifing  tdiior  Oct  26  t*lH2  1  hic 
paper  ic  4  fCMMon  »»l  Paper  'o5-'2  ^khKh  Aac  presented  at  the  >P!F  seminar  on 
.Almocpheriv'  F  tfccts  on  Hectro-OpiK.  Inlrired  arid  Millimeter  \Kj\c  S% stems  Pertnr- 
rruiKe.  2’  2h.  WhI  San  Diego  CA  The  paper  presented  there  appears  tunrclcr- 
eetlt  in  SPIT  PriHieedingc  Vol  M)5 

^  Societb  ot  Ph<t!o>Opiical  Incirumeniaiion  Fngir>eer> 


In  considering  the  effects  of  atmospheric  turbulence  at  millimeter 
wavelengths,  for  example,  the  contribution  of  ihe'absolute  humidity 
fluctuations,  measured  by  the  structure  parameter  Cq^  must  be 
considered  in  addition  to  the  fluctuations  in  temperature,  character¬ 
ized  by  the  structure  parameter  Cy^.  Furthermore,  the  cross-correla¬ 
tion  of  these  quantities.  which  may  be  either  positive  or 
negative,  must  also  be  included  in  the  analysis  of  millimeter  wave 
turbulence  effects.  These  effects  include  fluctuations  of  both  inten¬ 
sity  and  angle-of-arrival,  and  both  of  these  phenomena  will  be 
treated  in  some  detail  in  this  paper. 

In  the  fall  of  1978,  millimeter  wave  propagation  measureu.ents 
were  made  by  Georgia  Tech  at  both  94  and  140  GHz  at  White  Sands 
Missile  Range,  New  Mexico,  overa  2  km  path.'  Humidity,  tempera¬ 
ture,  and  the  visible  wavelength  index  of  refraction  structure 
parameter  were  also  -neasured.  Significant  intensity  fluctuations 
were  observed  at  both  frequencies  during  these  tests  These  Huctua- 
tions  could  be  explained  plausibly  by  a  theory  of  turbulence  elfects 
developed  by  Armand  et  al..’  who  included  the  ellecis  oi  the  vtruc- 
ture  functions  of  both  temperature  and  humidity  in  their  calcula¬ 
tions.  although  the  cross-correlation  of  these  parameicrs  wa.s  not 
adequately  treated.  A  treatment  including  this  cross-correlation  has 
been  given  by  Hillel  al  .'  w  hose  theory  also  gives  plausible  agreement 
with  the  White  Sands  results,  as  will  be  shown  later  Subsctjucni 
measurements  were  made  during  winter  propagation  lesis  neat  Hui  • 
linglon.  Vermont,  al  frequencies  ol  35.  95.  140  .iru!  330  t>H/  ' 
However,  little  supporting  turbulence  related  meieorologica i  daia 
are  available  because  turbulence  results  were  obtained  n.ideniai  lo 
the  propagation  measuremi.its  The  observed  cllec'.s  o:  lurbulcnvc 
showed  good  agreement  with  the  expected  theoretical  dependcrvif  ol 
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the  log  amplitude  variance  on  both  frequency  and  range,  as  will  be 
discussed  later.  The  results  of  these  Burlington  and  White  Sands 
measurements,  together  with  a  discussion  of  their  comparison  to  the 
theory  of  Hill  et  al..  are  treated  in  this  paper. 

Since  a  complete  characterization  of  the  atmosphere  was  not 
available  because  of  limitations  in  instrumentation,  it  was  necessary 
to  make  some  improvisations  in  the  comparison  of  theory  and  exper¬ 
iment.  For  the  White  Sands  measurements,  the  log  amplitude  var¬ 
iance  was  determined  from  the  chart  recorder  tracings  for  both  the  94 
and  140  GHz  propagation  links.  The  values  of  this  parameter  were 
then  substitute  into  the  equation  for  log  amplitude  variance  derived 
by  Hill  et  al.  to  deduce  the  values  of  the  absolute  humidity  structure 
parameter  Cq^  which  according  to  theory  would  have  caused  the 
millimeter  wave  effects  observed.  This  parameter  (along  with  Cj-q)  is 
the  only  factor  in  the  equation  not  measured  at  White  Sands.  An 
assumption  was  made  about  the  relationship  between  Cq^.  Cj^,  and 
that  provides  a  value  for  the  cross-correlation,  as  will  be 
eximined  later.  The  result  of  the  calculation  is  that  plausible  valjes 
for  Cq^  are  obtained.  For  the  Burlington  measurements,  values  of 
the  log  amplitude  variance  were  determined  from  chart  recorder 
traces  for  four  different  frequencies  vand  two  different  ranges  L.  For 
the  longer  range,  the  dependence  of  follows  the  theoretical 
variation  very  well,  but  the  agreement  for  the  short  path  and  the 
L"  ^  range  dependence  is  not  as  good.  Both  sets  of  measurements 
will  be  discussed  in  more  detail  in  the  following  sections. 

2.  RESULTS  OF  THEORY 

Hill,  Clifford,  and  Lawrence’  have  derived  an  expression  for  the  log 
amplitude  variance  of  the  fluctuations  of  electromagnetic  radiation 
propagating  through  the  turbulent  atmosphere  which  holds  for 
microwave  through  optical  frequencies  and  maintains  the  depen¬ 
dence  on  Cq^.  and  C^q.  This  equation  comprises  separate 
contributions  from  the  real  and  imaginary  parts  and  from  the  cross¬ 
correlation  cf  these  parts,  as  follows: 

+  0,2 -I- o,R  ,  (I) 

where  R,  I,  and  IR  refer  to  the  real,  imaginary,  and  cross-correlation 
contributions,  respectively.  For  spherical  wave  propagation,  the  real 
part  of  a  given  by 

Or2  =  0.124k2‘L"  «  Fl  -2.73  (-j^)  1 


Ct' 


C  2 


'  V  ~  +  2  AqA^  
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where  k  is  the  wave  number  2ir  A.  <T>  is  ihe  mean  valur  o' 
temperature.  <Q>  is  the  mean  value  of  absolute  humidiis  aiv:  I ,,  is 
the  outer  scale  dimension  The  dimensionless  parameters  A.  4r.1l  A, 
are  given  by 
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where  P  is  in  millibars,  T  is  in  degrees  KeK in.  and  0  IS  in  g  m'  This 
equation  neglects  terms  which  represent  dispersive  contributions  :o 
the  real  part  of  the  refractive  index  in  the  neighborhood  of  millimeter 
wave  absorption  lines.  References  3  and  6  show  plots  of  the  refract  is  - 
ity  which  support  the  fact  that  these  terms  contribute  at  most  a  ies» 
percent  in  the  frequency  regions  between  lines,  and  therefore  this 
would  not  have  an  important  contribution  to  turbulence  phenorr 
ena.  Combining  Eqs.  (3).  (4),  and  (5)  finalK  gives,  lor  N,  and  \, 


At  =  -NXI0-‘ 


Aq  =  (  1.71  X  103  °K.,g/m^  j)x 


10' 


The  contributions  of  the  parameters  of  and  0,^  to  the  oc  . 
tude  variance  are  also  considered  negligible  because  tnes  ..u 
parameter  Bq  given  by 
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«0=4t 
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where  B  is  the  atmospheric  absorption  cisellicic--  w-  • 
quency  window  regions,  this  parameter  is  sonsisJe't  s'  net: 
borne  out  by  calculations  displayed  graphicalis  e  K 
Finally,  it  is  necessary  to  devise  some  seir'  >1  s.i  ut 
correlation  term  in  Eq.  (2)  Hil!  et  al  suggev  n.i  , 
magnitude  estimate  for  C-,q  is 
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output.  A  precision  roury  vane  attenuator  was  used  to  calibrate 
several  levels  of  attenuation  for  the  94  GHz  system,  but  it  was 
necessary  to  calibrate  the  1 40  G  Hz  attenuation  by  simply  blocking  or 
unblocking  the  transmitter.  The  transmitters  were  100%  modulated 
with  a  I  kHz  square  wave  to  facilitate  the  use  of  phase  sensitive 
detection.  Both  transmitter  and  receiver  antennas  were  hom>lens 
combinations  with  beamwidths  of  2  degrees  for  each  frequency,  and 
measurements  at  the  two  frequencies  were  made  simuluneously. 

Superheterodyne  receivers  were  used  for  both  frequencies.  The  94 
GHz  receiver  used  a  fundamental  mixer  with  a  local  oscillator  near 
94  GHz.  while  the  140  GHz  receiver  used  a  harmonic  mixer  pumped 
by  a  70  GHz  klystron.  Phase  sensitive  detection  with  lock-in  ampli¬ 
fiers  was  used  fcr  both  channels,  with  the  I  kHz  reference  from  the 
transmitter  modulator  transmitted  over  twisted-pair  line  to  the 
receiver.  U  nder  these  conditions,  it  was  necessary  to  reduce  transmit¬ 
ted  power  to  avoid  saturating  thf  receiver.  Receiver  outputs  were 
recorded  on  a  dual  channel  chart  recorder. 

Two  different  systems  were  used  to  make  the  Burlington  mea¬ 
surements.  The  first  system  used  transmitter  and  receiver  vans  separ¬ 
ated  by  about  600  m  and  operated  at  frequencies  of  94. 140.  and  220 
GHz.  The  transmitters  were  based  on  the  pulsed  extended  interac¬ 
tion  oscillator  tube  built  by  Varian  Canada,  and  the  receivers  were 
simple  video  detectors.  Cassegrain  antennas  with  60  cm  diameters 
were  used  for  both  transmitters  and  receivers.  Unfortunately,  the 
data  obtained  with  this  system  did  not  have  sufficient  gain  to  permit 
accurate  determinations  of  the  values  of  o  ^  from  the  recorder 
tracings.  Data  from  the  second  system  were  tnerefore  used  for  the 
comparisons  lo  he  discussed  in  the  next  section. 

The  second  system  included  pulsed  radars  at  35. 95.  140,  and  217 
GHz  which  used  IMP.ATT  transmitters  and  local  oscillators.  This 
system  employed  corner  cube  reflectors  at  ranges  of  1 52  and  610  m  to 
generate  returns  and  was  originally  designed  to  measure  absolute 
atmospheric  attenuation  at  these  frequencies.  Figure  2  is  a  schematic 
diagram  of  the  second  system. 


4.  COMPARISON  OF  THEORY  AND  EXPERIMENT 

The  measurements  made  at  White  Sands  M  issile  Range  were  divided 
into  a  number  of  separate  “events”  in  which  an  explosiv  e  charge  was 
detonated  in  the  propagation  path  and  the  subsequent  deterioration 
of  millimeter  wave  signals  was  observed  at  the  receiver.  Measure¬ 
ments  of  turbulence  effects  were  necessarily  confined  to  times  slightly 
before  and  after  these  events  because  the  primary  purpose  of  the 
experiments  was  to  observe  propagation  through  dust.  Unfortu¬ 
nately.  there  were  only  five  events  in  which  both  the  94  and  1 40  G  Hz 
systems  operated  simultaneously  well  enough  to  meaningfully  com¬ 
pare  turbulence  effects. 

In  comparing  theory  and  experiments,  measured  values  of  P. 
T.  and  Q  were  substituted  into  Eqs.  (2).  (3).  (4).  and  (5)  to  determine 
values  oT'Cq^  for  both  94  and  140  GHz.  Table  I  gives  values  of 
parameters  used  to  make  these  calculations.  was  determined 
from  measurements  of  optical  scintillation  by  using  the  relation 


where  is  the  visible  wavelength  index  of  refraction  structure 
parameter,  and  P  is  measured  in  millibars.  Table  II  gives  values  of 
o  ^  obtained  from  chart  recorder  tracings  and  values  of  deter- 
rnined  using  Eq.  (10)  for  each  event.  Simultaneous  data  at  the  two 
frequencies  were  not  obtained  for  Events  A- 1  and  B-l.  as  indicated  in 
the  table.  Figure  3  compares  Cq^  determined  in  this  way  from  94 
and  140  GHz  measurements  for  each  of  the  five  events  f^or  which 
simultaneous  data  were  obtained.  The  solid  curve,  has  unity  slope, 
and  all  of  the  points  should,  of  course,  lie  on  this  straight  line  for  ideal 
agreement  with  theory. 

It  is  also  possible  to  compare  measurements  of  the  frequency 
dependence  of  the  log  amplitude  variance  to  theory.  The  log  ampli¬ 
tude  variances  calculated  at  the  two  frequencies  are  related  by 

,  n40V‘  , 

=  I'm) 

according  to  Eq.  (2).  Figure  4  shows  the  comparison  between  values 


TABLE  I.  Parameters  Used  in  Calculations  Based  on  White  Sands 

Data 


Frequencies 

94  and  140  GHz 

Path  length  L 

2  km 

Outer  scale  dimension 

2.5  m 

-3  22X10"* 

5.03X10® 

<T> 

289  K 

<Q> 

8.5  g/m^ 

Ct' 

Calculated  from  optical 

Cq* 

Calculated 

_ 

Determined  from  recorder  tracings 
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TABLE  II.  «f  Cy*.  a*,  and 


Eyant 

CoVCr^lg^/m*  “K®) 

94  GHz 

140  GHz 

A-1 

0.109 

1.19X10"^ 

0.77 

B-1 

0.S4S 

1.20X10r* 

0.066 

B-3 

0.163 

9.32  X 10"* 

1.14X10“® 

0.41 

B-4 

0.0436 

2.12X10“^ 

3.76X10“^ 

0.41 

B-6 

0.021  B 

1.86X10r* 

4.96X10“* 

0.72 

0-1 

0.0654 

2.66X10-^ 

3.12X10r* 

0.32 

0-2 

0.00654 

1.46X10~* 

2.12X10“* 

1.20 

*NaM;  ValuM  o>  Cq^/Ct^  MWr*  ealculawd  by  dividing  Cq*.  dM«rmin«d  by  avaraging  94  and  140  GHz  raauitt.  by  Cx^ . 


Pifl.  3.  Comparlaon  of  Cq*  dotarmlnod  from  34  and  140  OHt 

maaawomanta. 


of  this  parameter  measured  at  the  two  frequencies  for  the  Tive  events. 
Again,  the  points  should  lie  on  the  straight  line  given  by  Eq.  ( 1 1 ),  and 
do  fall  fairly  close  to  it.  This  is  consistent  with  the  findings  of  Cole  et 
aL,'  who  looked  at  the  frequency  dependence  of  between  35  and 
110  GHz.  * 

The  variance  of  angle>of-arrival  fluctuations  for  a  spherical  wave 
is  pven  approximately  by* 

=  0-54LC„lr-''J  .  (12) 

where  is  measured  in  radians,  and  where  r  may  be  interpreted  as 
the  spacing  of  the  small  antennas  or  the  width  of  a  large  antenna. 
Although  angle>of-arrival  fluctuations  were  not  measured  at  While 
Sands,  it  is  of  interest  to  determine  their  magnitude  using  values  of 
the  millimeter  wave  calculated  from  Eq.  (2).  In  making  this 
determination,  note  that  the  factor  in  parentheses  in  this  equation 
involving  Cq^.  and  C^q  is  just  the  millimeter  wave  C„^.  Figure  5 

is  a  plot  of  peak-to-peak  (60^)  angle-of-arrival  fluctuations  versus 
using  values  of  this  parameter  derived  at  94  GHz.  Since  in 
millimeter  wave  atmospheric  windows  is  approximately  independent 
of  frequency,  by  Eq.  (12)  neglecting  dispersion,  the  results  in  Fig.  5 
may  be  taken  as  a  representative  prediction  for  millimeter  wave 
windows.  Values  of  are  noted  on  the  curve,  although  this  curve  is 
not  intended  to  compare  theory  and  experiment,  it  is  simply  intended 
to  show  expected  values  of  angle-of-arrival  for  the  observed  range  of 
An  antenna  spacing  of  r  =  I  m  was  used  for  these  calculations. 
That  the  values  obtained  for  Cq^  are  reasonable  can  be  seen  from 
the  following  plausibility  arguments,  if  water  vapor  were  thoroughly 


Fig. 4.  Compariaon  of  dotorminod  from  94  and  140  GHz  maa- 
auromanta. 


.mixed  so  that  its  density  fluctuations  were  driven  solely  by  tempera¬ 
ture  fluctuations,  the  following  relation  would  hold; 


<(SQ)^>>'^  _  <(ffT)^>‘'^ 
<Q>  ~  <T> 

and 

-^  =  -EiL  . 

<Q>2  <T>2  ' 

or 

£q1  _ 

~  <T>2 


(13) 


(14) 


(15) 


However,  in  the  case  of  very  strong  humidity  fluctuations,' 

<(dQf>''^  I00<(6T)^>'  ^ 

<Q>  <T> 
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10*  <Q>2 
<T>2 


Table  II  fives  calculated  values  of  Cg^/  Cj^  for  each  of  the  events 
treated.  In  comparing  the  average  value  of  this  ratio,  which  is  O.SS 


treated.  In  comparing  the  average  value  of  this  ratio,  which  is  O.SS 
g^/tnl*  'K*,  to  the  average  value  of  <Q>*/<T>^  =  8.6SXIO~^ 
g^/m*  in  Table  I,  one  obtains 


M  40  M  MO  200  400  MO  1000 


mOUBSCY  IN  OHZ 


Cq*  <Q>2 

“V  •  640  - 

<T>2 


Flq.  g.  Comporiaon  of  tha  fraquancy  and  tanpa  dapandanea  of  o  J  to 


which  is  a  reasonable  result,  indicating  that  the  values  of  Cq^ 
obtained  in  this  way  are  plausible. 

Finally,  the  frequency  and  range  dependences  of  o  ^  measured  at 
Burlington  were  compared  to  experiment  at  3S,  94,^140,  and  217 
GHz.  Values  of  o^^^  obtained  from  the  chart  recorder  tracings  are 
plotted  as  a  function  of  frequency  for  the  610  m  path  in  Fig.  6.  The 
best-lit  curve  having  a  ipi*‘  dependence  was  drawn  through  these 
points  (virtually  a  straight  line).  A  change  in  corresponding  to 
(Lj/L,)'*'^  was  then  scaled  downward  on  the  graph,  and  a  second 
straight  line  was  drawn  parallel  to  the  first.  Values  of  for  a  range 
of  IS2  m  were  plotted  on  this  graph.  As  seen  in  the  figure,  the 
agreement  with  the  dependence  is  very  good  for  the  longer  path, 
but  not  as  good  for  the  shorter.  It  is  possible  that  near-lield  effects 
contributed  to  errors  in  the  latter  data.  Also,  these  data  were  un¬ 
accountably  noisier  than  the  long  path  data.  However,  Fig.  6  shows 
that  the  agreement  between  theory  and  experiment  for  the  frequency 
and  range  dependences  of  0,2  is  generally  good. 


on  millimeter  wave  propagation,  it  is  desired  to  measure  the  function 


F(T,t)  =  V,(T,.t)  Vj’fT,  +T,t) 

=  p(T.7,.t)e»«'^-~i-‘>  . 


where  V|  and  V,  are  the  complex  signal  amplitudes  from  two  anten¬ 
nas,  t  is  time,  0  is  relative  phase,  an^r  is  the  spatial  separation 


between  the  two  antennas.  The  vector  r  ,  locates  the  centroid  of  the 


5.  FUTURE  MILLIMETER  WAVE  MEASUREMENTS 


Since  there  is  a  lack  of  properly  instrumented  experimental  results  on 
millimeter  wave  turbulence  and  some  indication  that  turbulence  may 
significantly  affect  the  performance  of  millimeter  wave  systems. 
Georgia  Tech  is  undertaking  a  three-year  program,  with  support  from 
the  U.S.  Army  Research  Office,  to  make  dedicated  measurements  of 
these  effects  using  apparatus  specifically  designed  for  this  purpose. 
This  apparatus  will  measure  the  most  general  c^.Jracteristic  of  electro¬ 
magnetic  propagation,  namely,  the  mutual  coherence  function,  and  the 
remainder  of  this  paper  is  a  detailed  discussion  of  the  methods  to  be 
used  for  these  measurements.  In  addition,  thorough  meteorological 
characterization  will  be  done,  as  will  also  be  described. 

To  obtain  a  nearly  complete  description  of  the  effects  of  turbulence 


receiver  antenna  array  in  space.  Note  that  the  time  average  of  Eq. 
(19)  is  the  mutual  coherence  function'"  if  the  ergodic  hypothesis, 
which  states  that  a  time  average  may  replace  an  ensemble  average,  is 
used.  Futhermore.  it  is  assumed  that  the  field  is  statisticallyjiomo- 
geneous  and  isotropic  in  the  measurement  plane  so  that  F(T.  t)  = 
F(r.t)  depends  only  on  the  antenna  spacing  at  a  given  time.  This 
hypothesis  and  this  assumption  are  supported  by  results  obtained  in 
optical  turbulence  measurements.  In  the  determination  of  F(r.  t)  the 
measurement  time  is  longer  than  many  periods  of  the  propagating 
frequency,  but  is  short  compared  to  the  period  of  the  highest  fre¬ 
quency  fluctuations. 

Actually,  the  assumption  of  statistical  homogeneity  is  not  really 
correct  for  the  entire  vertical  plane  containing  the  measurement 
apparatus  because  the  atmosphere  naturally  changes  with  height 
above  ground.  Moreover,  angle-of-arrival  effects  may  differ  for 
antennas  separated  by  a  vertical  space  as  compared  with  the  same 
separation  in  a  horizontal  direction.  Provision  is  made  in  the  pro¬ 
posed  experiment  to  sense  this  effect,  as  described  later  in  this  paper. 

The  apparatus  of  Fig.  7  may  be  used  to  measure  F(r  .t)  lor  a  given 
value  of  r.  Note  that  the  power  measured  by  the  receiver  will  be"> 


|V„|2  =|V,|2+|Vj|2-l-2|V|||Vj|p(r)cos[an-0(r)]  . 
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where  the  time  dependence  is  implicit.  The  parameter  a.  is  a  stepwise 
variable  phase  shift  that  is  varied  to  provide  a  means  of  measuring  fi 
and  p.  ai^  is  the  signal  corresponding  to  The  time  dependence 
is  retained  in  Eq.  (20)  because  the  circuitry  is  capable  of  making 
measurements  in  a  time  short  compared  to  the  period  of  the  highest 
frequency  atmospheric  fluctuations.  By  varing  in  steps  through 
the  range  0,  ir/Z  ir,  and  3ir/2,  a  set  of  four  equations  is  obtained 
which  may  be  solved  for  p  and  P  to  give 


«r)  =  un-i 


IVqP  “|V|joP 


(21) 


.  (|VoP-|v,mI^)^  +  (|v,oP-|V:7oP)^ 

■  l6|V,|2|VjP 


(22) 


The  quantities  I  are  measured  by  varying  a  as  noted, 

and  the  quantities  |V,p  and  IVjP  are  measured  by  sequentially 
blocking  the  two  channels  and  making  individual  measurements. 
Note  that  all  of  these  measurements  must  be  made  in  a  time  short 
compared  to  the  period  of  the  highest  frequency  of  atmospheric 
fluctuations,  but  these  timing  requirements  are  well  within  the  capa¬ 
bility  of  available  coaxial  switches,  phase  shifters,  and  a  micro¬ 
processor  used  for  making  the  calculations  indicated  above.  The 
advantage  of  this  technique  is  that  the  receiver  acts  simply  as  an  rf 
voltmeter,  and  the  phase  dependent  parameters  are  ratios  of  real 
measured  quantities. 

The  above  apparatus  may  also  be  used  to  measure  the  intensity 
and  ancle-of-arrival  fluauations.  The  intensity  is  simply  either |V,P 
ot|  V2I  .  which  are  both  needed  for  determination  of  p(r).  To  deter¬ 
mine  angle-of-arrival.  note  that  the  quantity  ^(r)  is  the  instantaneous 
phase  between  the  antennas.  Assuming  that  the  angle  subtended  by 
the  antennas  is  small,  it  is  possible  to  show' '  that  the  angle-of-arrival 
0  is  related  to  the  phase  difference  between  antennas  by  the  relation 


p  =  kre  . 


(23) 


The  apparatus  discussed  above  then  measures  intensity  and  angle-of- 
arrival  fluctuations  in  addition  to  F(r  ,1)  and  mutual  coherence 
function  (MCF). 

In  deriving  Eqs.  (21)  and  (22)  from  (20).  four  different  discrete 
phase  shifts  are  assumed.  Note  that  it  would  be  possible  to  calculate 
p(r)and  ^(r)  by  using  only  two  phase  shifts,  namely.  0°  and  90°.  but 
values  derived  jn  this  way  are  strongly  dependent  on  the  measured 
intensities|V,|-  and|  indicating  that  the  two  receivers  should  be 
carefully  balanced  to  give  accurate  results.  The  four-phase  shift 


Fig.  8.  Diagram  of  baam  wavaguida  tyttam  to  bo  utad  for  local  oscillator 
distribution.  Tha  raflactivitv  and  transmissivity  of  the  wire  mash  boam 
splittors  wriil  ba  variad  to  apportion  tha  powor  almost  squally  to  tha  four 
miaars. 


Fig.  9.  Schamatic  diagram  of  tha  four  antanna  turbulonco  maasuromant 
syatam  baing  fabricatod  at  Ooorgia  Toch. 


approach  eliminates  much  of  this  dependence  and  thus  makes 
receiver  calibration  easier. 

A  fairly  serious  shortcoming  of  a  two-antenna  system  is  that  it 
gives  F(r.t).  intensity,  and  angle  fluctuations  for  only  one  spacing, 
but  measurements  at  several  different  spacings  are  required  to 
determine  how  these  parameters  vary  with  r.  For  complete  character¬ 
ization  of  F(r.  t)  it  is  necessary  to  use  a  multiple  antenna  system  with 
many  different  spacings.  In  particular,  a  four-antenna  system  with 
six  possible  spacings  will  be  used,  with  the  maximum  spacing  being 
about  to  meters.  Since  a  common  local  oscillator  (l.O)  must  be  used 
for  all  four  receivers,  it  will  be  necessarv  to  use  an  optical  beam 
waveguide'-  for  transmission  of  the  low  power  LO  o\er  these  dis¬ 
tances.  Figure  8  is  a  diagram  of  such  a  beam  waveguide,  which  is 
expected  to  have  a  loss  of  about  4  dB  over  the  longest  path  between 
antennas.'' 

The  four  receiver  antennas  will  be  mounted  on  an  I  beam  which  is 
in  turn  mounted  in  a  semitrailer  truck  and  will  therefore  sense  phase 
variations  in  the  horizontal  plane.  A  fifth  antenna  will  be  mounted 
unhofonal  to  the  other  tour  and  will  have  limited  ability  to  sense 
vertical  plane  variations  with  only  one  possible  spacing.  Figure  9  is  a 
schematic  of  the  measurement  system,  showing  the  transmitter  van. 
the  receiver  trailer,  and  the  meteorological  measurement  stations. 

Measurements  will  be  made  at  selected  frequencies  m  the  1 10  to 
170  and  the  220  to  340  GHz  bands.  This  combined  coverage  includes 
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the  oxygen  absorption  at  1 18GHz.  the  transmission  windows  at  140. 
220.  and  340  GHz.  and  the  water  Jtapor  absorption  at  323  GHz. 
Measuiemcnts  made  near  the  peaks  of  abaorptiM  Kaes  mmj  show 
damping  of  Huctuations.  This  was  shown  eailiCT  in  mcasuremcMs  by 
Izyumov'^  and  preliminary  consideration  has  been  given  to  theories 
which  may  explain  it.'  Further  measMteinents  will  provide  an  addi¬ 
tional  perspeaive  for  improveiaetits  of  the  theory. 

The  receiver  will  use  subharmonically  pumped  balanced  mixers, 
in  which  the  LO  frequency  is  an  integr^  submuhipie  of  the  signal 
frequency.  In  this  way.  the  local  oscillator  klystron  tubes  will  need 
only  to  cover  the  range  33  to  83  G  Hz  to  provide  coverage  of  the  1 10  to 
170  and  the  220  to  340  GHz  bands. 

The  transmitter  will  use  klystrons  operating  in  the  range  1 10  to 
170  GHz  for  the  low  band  and  will  double  these  sources  for  the  high 
band.  To  provide  for  narrow  receiver  bandwidths  which  contribute 
to  good  uoise  Hgures.  both  transmitter  and  receiver  klystrons  will  be 
phase-locked,  and  the  receivers  will  employ  double  conversion  with  a 
narrow  band  ftlter  in  the  second  intermediate  frequency  band.  Table 
III  gives  expected  ranges  under  various  conditions  for  each  of  the 
frequencies  to  be  used. 

The  phase  shifting  implied  in  Fig.  7  will  be  done  at  the  inter¬ 
mediate  frequency,  and  the  phase  shift  switching  will  be  micro¬ 
processor  controlled,  as  will  all  data  gathering,  preliminary 
processing,  and  storage.  Both  millimeter  wave  and  atmospheric  data 
will  be  stored  simultaneously  on  the  same  tape. 

b.  ATMOSPHERIC  MEASUREMENTS 

To  make  meaningful  measurements  of  the  results  of  turbulence  on 
millimeter  wave  propagation,  it  is  absolutely  essential  that  the  peni- 
nent  atmospheric  parameters  be  carefully  measured.  The  turbulence 
related  parameters  Cq^,  and  C^q,  which  combine  to  give  the 
millimeter  wave  refractive  index  structure  parameter  are  espe¬ 
cially  important  and  are  also  difficult  to  measure.  Other  parameters 
of  a  more  conventional  nature  that  must  be  measured  are  wind  speed 
and  direction,  temperature,  and  dew  point.  If  measurements  are 
made  in  turbid  weather,  characterization  of  particle  sizes  and  densi¬ 
ties  IS  imponant. 

The  temperature  structure  parameter  is  measured  in  a  fairly 
standard  way  by  using  two  fine  wire  probes,  separated  by  a  distance 
of  a  few  centimeters.  These  wires  each  carry  a  small  current,  and  their 
resistances  are  strongly  dependent  on  temperature,  so  that  they  can 
be  calibrated  as  very  sensitive  temperature  probes.  For  small 
temperature  changes,  the  differential  current  through  the  probes  is 
proportional  to  the  differential  temperature  between  them.  In  this 
way.  the  temperature  structure  parameter  is 


The  apparatus  may  be  calibrated  by  individually  comparing  the  two 
probes  to  a  thermometer  of  known  accuracy. 

The  humidity  structure  parameter  is  more  difficult  to  measure 
than  the  temperature  parameter.  The  best  approach  appears  to  be  the 
Lyman-flr  hygrometer  described  by  Buck.'’  which  makes  use  of  the 
strong  ultraviolet  absorption  of  the  hydrogen  Lyman-a  spectral  line 
by  water  vapor  at  a  wavelength  of  I2l.6nm.  The  Lyman-o  hygrome¬ 
ter  consists  of  a  hydrogen  lamp  sourceand  a  nitric  o.vide  ion  chamber 
detector,  separated  by  a  distance  of  0.3  to  5  cm.  The  detector  drives 
an  electrometer,  w  hose  output  in  turn  feeds  a  logarithmic  amplifier. 
The  humidity  structure  parameter  Cq^  is  measured  by  using  two  such 
hygrometer  sensors  separated  by  a  distance  of  a  few  ceniimciers,  and 
is  given  by 


To  determine  Cjg  it  is  necessary  that  the  Cf^  and  Cg*  sensors 
sample  the  same  v  olume  of  space  as  nearly  as  possible,  so  the  sensors 


TABLE  III.  Maximum  Ranqna  for  20  dB  8iflnal-to-WoiM  Rntio 


Fraquancy 

iGMii 

Tranamittar 
powar 
output  (mW) 

Claar 

Ranga  (km) 

Rain 

Fog 

118 

100 

19.8 

7.9 

9.2 

140 

100 

25.8 

8.1 

95 

170 

100 

9.8 

5.0 

43 

230 

5 

12.2 

4.9 

4.2 

280 

5 

5.6 

43 

3.1 

333 

5 

3.4 

1.7 

1.5 

340 

5 

5.2 

2.0 

18 

must  be  placed  on  the  same  mount.  The  parameter  C.|-g  is  the 
cross-correlation  of  Cj  and  Cg  and  is  given  by 


where  r  is  the  separation  between  sensors,  and  the  brackets  denote  a 
time  average.  Note  that  C^g  can  be  negative,  whereas  Cj’  and  Cg^ 
are  positive  definite.  This  is  a  further  indication  of  the  importance  of 
considering^this  cross-correlation  in  determining  the  effects  of  turbu¬ 
lence  on  millimeter  wave  propagation. 

As  a  check  on  the  performance  of  the  and  Cg^  sensors,  the 
optical  refractive  index  structure  parameter  C„'  will  also  be  mea¬ 
sured.  This  measurement  will  be  made  using  an  optical  scintillometer 
developed  by  Wang  et  al.'*  This  device  actually  determines  by 
measuring  the  variance  of  the  log-amplitude  of  a  propagated  optical 
beam  and  makes  provision  for  rendering  the  effects  of  saturation  of 
scintillation  negligible. 

The  remainder  of  the  atmospheric  parameters  are  measured  by 
generally  accepted  techniques  using  standard  instruments.  The  outputs 
of  all  of  these  sensors  will  be  recorded  simultaneously  with  the  millime¬ 
ter  wave  data  to  avoid  errors  in  data  coincidence.  Depending  on  the 
flatness  of  the  measurement  site  and  the  proximity  of  trees  and  build¬ 
ings.  it  will  be  necessary  to  duplicate  the  and  Cg*  measuring 
apparatus  several  times  over  the  path.  For  nearly  homogeneous  prop¬ 
agation  paths,  only  one  or  two  sets  of  instruments  may  be  required. 

7.  CONCLUSIONS 

This  paper  compares  theory  to  experiment  based  on  two  sets  of  mil¬ 
limeter  wave  propagation  measurements  obtained  with  limned  meteo¬ 
rological  data.  Agreement  in  all  cases  is  generally  good,  but  it  is  again 
emphasized  that  dedicated  millimeter  wave  turbulence  measurements 
must  be  made  before  stringent  conclusions  can  be  drawn.  At  the 
present  time,  only  scattered  data  are  available.  Due  to  the  nature  of  the 
measurements  discussed  in  this  paper,  some  care  should  be  taken  in 
relating  them  to  actual  situations  or  in  using  them  to  design  millimeter 
wave  systems.  Although  the  agreements  achieved  have  been  generally 
good,  they  may  be  fortuitous.  It  does  appear,  however,  that  the  magni¬ 
tudes  of  the  effects  are  great  enough  so  that  turbulence  should  be 
considered  in  the  design  of  millimeter  wave  systems. 

This  paper  also  describes  a  planned  e.xpcriment  that  is  capable  of 
measuring  intensity  and  angle-of-arrival  lluctuations.  as  well  as  the 
mutual  coherence  function,  for  millimeter  wave  propagation  up  to  a 
frequency  of  340  GHz.  The  experiment  will  make  use  of  a  series  of 
klystron  oscillators  in  such  a  way  that  the  number  of  these  expensive 
sources  is  minimized.  The  MCF  can  be  measured  for  antenna  spac- 
ings  up  to  10  m  by  using  a  beam  waveguide  for  distributing  the  local 
oscillator  power  to  the  individual  receivers.  A  total  of  four  receivers 
is  planned,  giv  ing  six  possible  antenna  spacings  for  determination  of 
the  MCF. 

Measurement  of  the  turbulence  related  atmospheric  parameters 
Cj*.  Cg-.and  Cjg  will  also  be  made,  as  well  as  the  optical  C„v  Other 
aimos^eric  parameters  to  be  measured  include  wind  speed  and 
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direction,  temperature,  humidity,  and  dew  point.  For  measurements 
in  rain  and  fog,  particle  sue  distributiomas  well  as  rain  rate  will  be 
measured.  All  of  these  atmospheric  dau  w9  be  stored  on  magnetic 
upe,  simultaneously  with  the  millimeter  wave  data,  loavoid  errors  in 
data  coincidence.  The  experiment  will  be  microprocessor  controlled 
as  far  as  possible.  All  of  the  phase  switching  functions,  preliminary 
calculations,  and  dau  measurement  will  be  handled  by  the  processor. 

Preliminary  calculations  show  that  angle-of-arrival  fluauations 
may  be  of  more  significance  than  intensity  fluctuations  because  the 
fade  nurgin  of  most  systems  is  likely  to  be  adequate  for  the  latter 
effects.  Based  on  calculations  in  this  paper,  angie^f>aiTival  peak-to- 
peak  deviations  are  expected  to  be  in  the  range  SO  to  2S0  microradians. 
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This  paper  describes  coherent  sources  of  radiation  useful  in  the 
near- millimeter- wavelength  spectrum,  generally  taken  to  span  the 
range  of  about  30  to  1000  CHa,  however,  both  optically  pumped 
and  discharge  pumped  lasers  are  excluded  from  this  treatment, 
since  these  devices  are  adequately  covered  elsewhere  Included  in 
this  discussion  are  solid-state  sources  such  as  IMPATTs  and  Cunn 
devices,  tube  sources  such  as  klystrons,  magnetrons,  and 
backward- wave  oscillators:  and  newer  sources  including  TUhl- 
NfTTs.  gyrotrons,  and  relativistic  electron-beam  devices  Because  of 
the  large  amount  of  material  to  be  covered,  the  treatment  is  limited 
to  a  brief  description  of  each  device  and  an  enumeration  of  its 
capabilities:  no  attempt  is  made  to  give  a  detailed  discussion  of 
device  physics,  as  references  are  available  for  this  purpose  Phase 
and  frequency  control  of  near- millimeter- wave  sources  is  becoming 
increasingly  important  because  of  applications  of  this  spectrum  to 
Doppler  radar,  communication,  and  measurement  systems  The 
paper  concludes  with  a  presentation  of  phase  and  frequency  con¬ 
trol  results  for  both  tube  and  olid- stale  sources 

I.  INTRODUCTION 

There  are  three  basic  types  of  near-millimeter-wave 
(NMMW)  sources:  1)  solid-state  sources  such  as  Cunn  and 
IMPATT  diodes,  2)  vacuum-tube  sources  including  klystrons, 
magnetrons,  and  gyrotrons,  and  3)  laser  sources  including 
both  discharge  and  optically  pumped  devices  Technology 
in  all  three  source  areas  has  been  advancing  rapidly  for  the 
past  ten  years,  with  tubes  such  as  the  extended  interaction 
oscillator  (ElO),  the  backward-wave  oscillator  (BWO)  or 
carcinotron,  and  the  gyrotron  being  rapidly  improved  These 
devices  are  capable  of  usable  power  outputs  into  the 
hundreds  of  gigahertz,  and  the  capabilities  of  the  gyrotron 
and  related  devices  as  high-power,  high-frequency  oscilla¬ 
tors  are  just  beginning  to  be  realized.  Solid-state  sources 
such  as  the  Cunn  oscillator  and  the  IMPATT  (Impact  loniza- 
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tion  Avalance  Transit  lime)  diode  continue  to  advance 
rapidly  and  are  being  complemented  bv  newer  sources 
such  as  the  TUNNETT  (Tunneling  Transit  lime)  and  MITATT 
(Mixed  Tunneling  and  Avalance  Transit  Jime)  oscillators  At 
one  time,  solid-state  sources  were  exclusively  relegated  to 
perform  as  local  oscillators,  but  recent  advances  in  IMPATT 
technology  have  led  to  coherent  radar  transmitters  that 
perform  well  in  the  90-CHz  range,  and  it  appears  that  a 
140-CHz  transmitter  capable  of  useful  power  output  could 
be  built  with  existing  technology,  NMMW  lasers  are  also 
becoming  increasingly  useful,  and  these  devices  are  dis¬ 
cussed  in  a  separate  paper  in  this  issue  by  Tobin  [1] 

The  usefulness  of  both  tube  and  solid-state  sources  has 
been  greatly  enhanced  by  improved  methods  of  phase  and 
frequency  control.  Both  injection  and  phase-locking  tech¬ 
niques  are  used  to  generate  the  high  coherent  power  out¬ 
puts  required  for  Doppler  radar  systems  Solid-state-  and 
tube-typo  amplifiers  in  the  near-millimeter  wave  spectrum 
are  used  to  generate  coherent  outputs  by  excitation  with 
lower  power  phase-locked  sources 

Power  combining  of  solid-state  sources  is  used  to  gener¬ 
ate  useful  transmitter  power  in  the  NMMW  spectral  range 
This  approach  provides  compact  and  reliable  transmitters 
operating  from  low  voltages,  and  allows  for  the  fabrication 
of  all  solid-state  systems  at  near-millimeter  wavelength^ 
Circuit-level  power  combining  is  used  exclusively  at  the 
frequencies  of  interest,  but  chip-level  combining  may  be 
feasible  for  future  sources  Power  combining  is  discussed 
ftriefly  in  Section  II 

Sections  II  and  III  of  this  paper  treat  solid-state  and  tube 
devices,  respectively  Section  IV  discusses  phase  and 
frequency  control  of  near-millimeter-wave  sources,  and 
Section  V  gives  some  conclusions  reached  during  this  study 
No  attempt  is  made  to  provide  a  treatment  of  NMMW 
device  physics,  as  such  a  treatment  is  beyond  the  scope  of 
this  paper  Rather  this  paper  attempts  to  give  the  reader  an 
understanding  of  device  capabilities  through  a  discussion  of 
power,  frequency,  bandwidth,  and  other  characteristics 
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Fig.  1.  SchpmatK  (iiagram  of  two  mamfostations  of  IMI’AIl  (fovni'  fabm  ation  |4|.  siiiglp 
drift  (a)  and  doublo  drifl  (b)  strur turos,  rosportivrlv 


which  would  aid  him  or  her  in  making  the  best  choir  e  for  a 
given  source  application.  References  are  provided  for  those 
who  wish  to  study  these  sources  further 

II.  SoLiD-STATf  Sources 

Solid-state  near-millimeter-wave  sources  include  IM- 
PATTs,  Cunn-effect  oscillators,  TUNNETTs,  MITATTs,  and 
harmonic  generators  Gunn  devices  are  also  called  trans¬ 
ferred-electron  oscillators  ..EOs)  because  of  the  way  in 
which  negative  resistance  is  generated  in  these  sources  by 
transfer  of  carriers  from  a  high-mobility  energy  band  to  one 
of  lower  mobility,  as  will  be  discussed  shortly  A  brief 
description  of  the  operation  of  each  of  these  solid-state 
sources  will  be  given,  followed  by  a  discussion  of  devicr- 
capabilities.  The  field-effect  transistor  (FET)  is  not  disc  ussed 
because  its  highest  frequency  of  operation  to  date  is  about 
70  GHz;  however,  these  devices  may  be  capable  of  operat¬ 
ing  at  frequencies  greater  than  90  GHz  in  the  near  future 

IMPATT  OscillJlors 

As  the  name  implies,  IMPATT  oscillators  employ  impact 
ionization  and  transit-time  properties  of  semiconductor 
structures  to  give  negative  resistance  at  mic  rowave  frequen 
cies.  Typically,  a  p*-n-n‘  device  structure  is  biased  slightK 
into  avalanche  breakdown  by  an  external  voltage  [?1,  |3) 
Avalanche  electrons,  generated  by  impact  ionization  ni-ar 
the  p‘  region,  drift  across  the  n  region  with  a  transit  time 
determined  by  the  device  parameters  This  transit  time' 
causes  the  current  to  lag  the  voltage,  and  oscillation  is 
possible  if  this  delay  exceeds  one-quartc'r  cycle  It  is  as 
sumed  that  the  high-frequency  components  of  the 
thermal-noise  voltage  start  these'  oscillations  which  an- 


then  sustained  by  the  negative  resistance  behavior  of  the 
device  An  excellent  discussion  of  IMPATT  theory  has  bec'ii 
given  by  Kuno  (4),  [5]  and  by  Kramer  [6)  who  also  gives  an 
extensive  list  of  references  to  this  subject 

Fig  1  [4)  is  a  sc  hematic  diagram  of  two  manifestations  of 
IMPATT  device  fabrication  Fig  1(a)  shows  the  single-drift 
structure  discussed  above,  and  Fig.  1(b)  shows  the  so-called 
double-drift  structure  In  the  single-drift  device,  which  is 
characterized  by  a  p'-n  junction,  only  the'  n  region  contrib¬ 
utes  to  IMPATT  operation,  but  in  the  double-drift  structure', 
which  has  a  p-n  junction,  both  p  and  n  regions  contribute 
to  operation  As  might  be  expected,  the  single-drift  device 
is  better  for  higher  frequencies  since  the  mobility  of  c'lec  - 
trons,  which  are  the  primary  current  carriers  in  the  drift 
region,  is  greater  than  that  of  holes 

IMPATTs  are  packaged  as  shown  in  Fig  2  [4],  with  the 
indicatc'd  structure  being  sealed  for  devices  used  up  to  110 
GHz  and  open  for  reduced  parasitics  [5]  for  higher  f;r>quen- 
cies  Fig  3  |4),  |51  shows  how  the  device  of  fig  2  is  typically 
mounted  in  its  waveguide  circuit 

The  state'  of  the  art  in  IMPATT  power  ctutput  capability  as 
of  Octobt'r  1982  is  shown  in  Figs  4  ancf  5  |7],  [8]  for  pulsed 
and  CW  devices,  resjjec lively  These  figures  an-  a  cctmpila- 
tion  of  published  data  from  Hughes,  Plessey,  and  Raytheon. 
The  regions  of  t  '  ancf  f  slope  are  c  aused  by  thermal  and 
circuit  limitations  resjX'c lively  (4) 

ffficiencies  of  IMPATT  devices  ajtproaching  8  percent  at 
140  GHz  have'  tjeen  reported  Fig  ('  shows  the  efficiencies 
of  f)ottr  double-  and  single-cfrift  IMPAFls  at  frequencies  uj) 
to  140  GHz,  as  mc'asured  by  Gokgor  et  a/  19)  This  figure' 
shows  the  roll-off  in  doutile  drift  effic  iency  causc'ci  by  hole' 
mofiilitv  limitations  at  afiout  100  GHz,  an  effect  that  doc's 
not  occur  for  single-drift  devices  until  frequc'nc  ies  have' 
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exceeded  approximately  140  GHz.  The  upper  trequency 
Irmit  of  these  devices  is  about  300  GHz,  and  operation  at 
frequencies  up  to  255  GHz  has  been  demonstrated  Limita¬ 
tions  of  IMPATTs  are  based  on  the  ability  of  the  semicon¬ 
ductor  to  dissipate  heat  from  the  small  volumes  required 


for  high-frequency  operation.  An  efficiency  of  0.5  percent 
at  230  GHz  has  been  achieved  for  IMPATT  oscillators  (6] 

Since  IMPATTs  depend  for  their  operation  on  avalanche 
breakdown  in  a  semiconductor  junction,  they  are  inherently 
broad-band,  noisy  devices.  For  many  applications,  such  a*- 
receiver  local  oscillators,  this  noise  output  is  prohibitiv(> 
but  it  is  possible  to  phase  lock  these  diodes  so  that  they  are 
useful  in  many  applications.  Methods  of  phase  locking 
IMPATTs  will  be  discussed  in  Section  IV 

Single-port  CW  IMPATT  amplifiers  capable  of  power  out 
puts  equal  to  that  of  equivalent  oscillators  have  also  been 
devised  (6).  An  IMPATT  device  is  configured  as  an  amplifiei 
by  using  a  three-port  circulator  as  an  input  device  as  shown 
in  Fig.  7.  Pulsed  amplifiers  are  more  difficult  to  stabilize, 
and  injection-locked  oscillators  generally  replace  amplifier'- 
for  pulsed  applications. 

Cunn  Oicillators 

The  Gunn  oscillator  is  a  solid-state  device  which  depends 
on  the  bulk  properties  of  the  semiconductor  for  its  oper¬ 
ation,  unlike  the  IMPATT  which  is  a  junction  device  (2J,  (1) 
Its  operation  is  based  on  electric-field-induced  differential 
negative  resistance,  caused  by  a  transfer  of  conduction 
band  electrons  from  a  low-energy  high-mobility  energy 
valley  to  a  higher  energy  low-mobilify  valley.  A  bulk  semi 
conductor  exhibiting  differential  negative  resistance  is  in¬ 
herently  unstable,  since  a  random  fluctuation  of  carrier 
density  within  the  semiconductor  causes  a  momentary  space 
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Fig.  7.  An  IMPATT  configured  as  an  amplifier  or  injection- 
locked  oscillator  [8]  A  similar  configuration  is  used  for  Gunn 
amplifiers 

charge  which  grows  exponentially  in  space  and  time.  These 
negative-resisfance-induced  space-charge  fluctuations  move 
through  the  bulk  device,  giving  rise  to  microwave  oscilla¬ 
tions.  Fig.  8  is  a  simplified  schematic  diagram  of  the  energy 
levels  in  a  CaAs  Gunn  oscillator. 

The  upper  frequency  limit  of  GaAs  Gunn  oscillators  is 
about  110  GHz,  a  limit  ition  imposed  by  carrier  mobility 
However,  Gunns  made  from  InP  have  exhibited  power 
outputs  approaching  100  mW  GW  and  250  mW  pulsed  at 
100  GHz,  and  appear  to  have  an  upper  frequency  limit  of 
about  200  GHz  [101-[141. 

Since  Gunn  sources  depend  for  operation  on  bulk  rather 
than  junction  semiconductor  effects,  and  do  not  operate  in 
the  avalanche  mode,  they  are  much  quieter  than  IMPATT 
devices,  for  this  reason,  they  are  generally  useful  as  receiver 
local  oscillators.  It  is  also  possible  to  phase  lock  these 
devices  in  the  same  way  as  IMPATTs  are  phase  locked,  as 
will  be  discussed  in  Section  IV 


Fig.  9  {6]  shows  the  CW  power  output  and  efficiency 
achieved  as  a  function  of  frequency  for  GaAs  Gunn  oscilla¬ 
tors.  These  devices  are  not  generally  operated  in  pulsed 
mode  because  the  pulsed  power  output  is  not  much  greater 
than  that  of  the  CW  mode.  Fig.  10  shows  the  power  output 
achieved  as  a  function  of  frequency  for  CW  InP  Gunn 
devices.  Table  1  [14]  shows  the  CW  performance  of  several 
InP  Gunn  oscillators  in  the  89-100  GHz  range,  and  Table  2 
[14]  shows  InP  pulsed  pterformance  in  the  range  89-94  GHz. 

Indium  phosphide  Gunn  devices  have  shown  great  prom¬ 
ise  as  amplifiers,  and  have  exhibited  full  waveguide  band 
performance  at  the  lower  millimeter-wave  frequencies,  al¬ 
though  90-CHz  amplifiers  have  not  yet  been  built.  The 


Table  1  Performance  of  CW  InP  Gunn  Oscillators  1 1 1 ) 


Frequency 

<CHz) 

Power  Output 
(mW) 

Effic  i('n(  V 

85  5 

125 

33 

896 

107 

3  5 

901 

100 

28 

93  1 

91 

30 

93  2 

79 

28 

94.5 

71 

5 

94  8 

68 

2  5 

94  9 

63 

1  4 

100  5 

44 

1  5 

87  7 

35 

4  “ 

Table  2  Performanr  e  of  Pulsed  InP  Gunn  Osc 

illators  1 1 1J 

Frequenrv 

Power  Output  tflKienrv 

(GHz) 

(mW) 

898 

240 

2  7 

92  0 

215 

2  7 

900 

248 

2  ’ 

898 

255 

1  4 

90  3 

236 

4  3 

89  8 

195 

3  6 

95’ 

155 

3  3 

Fig.  8.  Simplilii'd  sdirmatu  diagram  of  the  cnrigs  Imols  m  .i  (,unn  <is(  illator  Ni'galist' 
ri'srslanrr  results  vshen  r  arners  are  esr  ited  into  thi'  highei  energs  loss  miiliilitv  level 
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Fig.  9.  Power  Output  and  efficiency  of  CaAy  Cunn  oscillatory  |6) 
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Fig.  10.  Predicted  power  output  as  a  function  of  frrquemy 
for  CW  InP  Cunn  devices  (solid  line)  The  circles  indicate 
performance  achieved  by  CW  CaAs  Cunn  osr  illalors  for 
comparison 


amplifier  configuration  is  single-port,  as  shown  in  Fig  7  for 
IMPATT  amplifiers  One  limitation  on  broad-band  amplifier 
performance  is  that  imposed  by  the  circulator,  because 
these  devices  are  not  available  in  broad  band  low-loss 
versions  which  match  amplifier  performance 

TUNNSTT  and  MIT  ATT  Oscillators 

The  TUNNETT  [15]  is  a  potentially  useful  solid-state  milh 
meter-wave  source  which  uses  quantum-mec  hanu  al  tun 
neling  to  generate  carriers  which  in  turn  generate  millime 
ter  waves  through  negative-resistance  transit-time  effects 
These  devices  are  still  in  the  experimental  stage,  but  show 
promise  of  combining  the  capability  of  the  IMPATT  oscilla 
tor  with  the  quiet  operation  of  the  Cunn  devices  The' 
MITATT  oscillator  uses  a  mixture  of  tunneling  and  impact 
ionization  effects  to  generate  carriers 

TUNNETTs  have  been  fabricated  by  Nishizawa  ef  al  |lb| 
which  operate  at  338  GHz  with  an  efficiency  of  0  17  per 
cent  Elta  ef  al  [17]  have  reported  the  fabrication  of  a 
MITATT  which  had  a  CW  output  power  of  3  mW  at  130 
GHz  Pan  and  Lee  (I5|  emphasize  that  TUNNLTTs  and 
MITATTs  should  operate  most  efficiently  in  the  range  100  to 
800  GHz,  and  their  calculations  predict  an  efficiency  of  5 
percent  at  500  GHz  TUNNETTs  are  difficult  to  fabricate 
because  of  the  required  abrupt  |unction  dcyping  profile  (18|, 
but  these  devices  have  the  potential  for  good  efficiency  at 
submillimeter  wavelengths  [19] 
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OUTPUT  FRIQUCNCy  (CHi> 

Fig.  11.  Power  output  of  a  (ross-guide  multiplier  over  the  range  90-124  GHz  (21).  This 
curve  represents  an  efficiency  of  20  percent  over  this  range 


Harmonic  Generators 

Solid-state  diode  multipliers  are  also  useful  millimefer- 
wave  sources,  whether  driven  by  solid-state  or  tube-type 
oscillators.  Multipliers  in  a  crossed-waveguide  configuration 
have  long  been  used  for  spectroscopic  applications,  where 
power  requirements  may  be  only  on  the  order  of  a  few 
microwatts.  This  arrangement  is  inherently  broad-band,  and 
may  typically  cover  the  entire  bands  of  the  waveguides 
used  in  the  device.  Useful  power  outputs  at  frequencies 
greater  than  600  GHz  have  been  obtained  using  this  ap¬ 
proach. 

The  basic  cross-guide  multiplier  has  been  greatly  im¬ 
proved  by  Archer  el  al.  (20),  (21),  who  used  a  suspended 
substrate  quartz  stripline  filter  to  couple  the  fundamental 
power  to  a  Schottky-barrier  varactor  diode  situated  in  the 
output  waveguide  By  optimizing  tuning  and  bias  for  each 
operating  frequency,  they  were  able  to  achieve  a  convei- 
sion  loss  of  about  20  percent  over  the  output  range  90-124 
GHz  as  shown  in  Fig.  11.  If  the  toning  and  bias  are  held 
fixed,  a  minimum  conversion  loss  of  10  percent  is  achieved 
over  the  output  range  80-120  GHz  Fix-tuned  varactor  mul¬ 
tipliers  have  recently  been  used  with  good  results.  These 
multipliers  are  two-port  devices  in  which  fundamental 
power  enters  one  port  and  multiplied  power  exits  from  the 
other  port.  They  are  carefully  tuned  to  suppress  higher 
harmonics  and  are  therefore  very  efficient,  but  are  also  not 
tunable  over  a  range  greater  than  a  few  tenths  of  one 
percent.  Efficiencies  of  35  and  15  percent,  respectively,  have 
been  obtained  in  doubling  from  70-140  GHz  and  from 
90-180  GHz  for  input  powers  of  43  and  100  mW.  The 
70-140  GHz  result  was  obtained  using  a  solid-state  oscilla¬ 
tor.  Fig.  12  is  a  photograph  of  the  90- 180  GHz  device 

Power  Combining  Methods  for  NMMW  Solid-State  Sources 

In  the  frequency  range  up  to  140  GHz  (90-140  GHz  for 
the  purpose  of  this  discussion)  much  of  the  power  output 


Fig.  12.  Photograph  of  fix-tuned  narrow-band  doubler  la- 
pable  of  15-percent  efficiency  in  doubling  from  9V5  to  181 
GHz  with  l00-mW  input 


deficiency  of  solid-state  sources  relative  to  tube-type 
sources  has  been  overcome  by  the  use  of  power  combin¬ 
ing.  When  considered  on  the  bases  of  reliability  and  circuit 
simplicity,  a  power-combined  solid-state  source  might  be  a 
better  choice  for  an  NMMW  systems  application  than  a 
tube-type  source.  This  section  briefly  discusses  the  methods 
of  power  combining  which  have  proven  useful  in  NMMW 
applications;  namely,  resonant  cavity,  hybrid,  spatial,  and 
resonant  cap  devices. 

Resonant-cavity  combiners  are  based  on  a  design  by 
Kurokawa  and  Magalhaes  (22)  originally  used  for  X-band 
IMPATT  oscillators  In  this  device,  the  individual  oscillators 
are  placed  in  an  oversized  rectangular  waveguide  a  distance 
of  A^/2  apart,  with  the  end  devices  placed  Xj^/4  from  the 
end  wall  or  from  an  iris,  as  shown  in  Fig  13  This  combiner 
has  high  efficiency  (-90  percent),  is  amenable  to  use  at 
frequencies  up  to  3(X)  GHz,  and  has  built-in  isolation  be¬ 
tween  diodes  (23).  However,  bandwidth  is  limited  to  a  few 
percent  because  of  the  diode  spacing  requirement,  and  the 
number  of  diodes  that  can  be  used  at  the  higher  frequen- 
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««  13.  Resonant  cavity  power  combiner  used  for  solid- 
state  oscillators  |23) 


cies  is  limited  because  the  number  of  cavity  modes  in¬ 
creases  with  waveguide  dimensions.  Variations  of  the 
Kurokawa  combiner  have  been  used  with  IMPATTs  to  gen¬ 
erate  20  5  W  pulsed  from  two  diodes  at  92.4  GHz  with 
82-percent  combining  etficiency,  40  W  from  four  diodes  at 
80-percent  efficiency  at  the  same  frequency,  and  92  W 
pulsed  from  four  diodes  at  140  GHz  with  80-percenf  ef¬ 
ficiency  123).  This  design  has  also  been  scaled  up  to  217 
GHz  to  give  1  05  W  from  two  diodes  with  a  combining 
efficiency  of  87  percent  (24).  A  modified  Kurokawa  com¬ 
biner  has  been  used  by  Thoren  and  Virosthos  [251  to  gener¬ 
ate  1.3-W  peak  over  a  10-percent  mechanical  tuning  range 
at  kV-band  (75-110  GHz) 

Hybrid-coupled  combiners  are  generally  used  as  ampli¬ 
fiers  or  injection-locked  oscillators,  and  these  circuits  offer 
5-percent  bandwidth  and  inherent  isolation  between 
sources.  Fig.  14  is  a  schematic  diagram  of  this  type  fwwer 
combiner.  Power  injected  at  port  1  is  split  between  ports  2 
and  3  where  it  is  amplified.  The  amplified  power  combines 
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Fig,  14.  yhemalK  diagram  of  a  hybrid  rouplrd  powi  i 
combiner  configured  as  an  amplifier  (231  If  porf  I  is 
terminated,  this  circuit  may  be  used  to  combine  osullalors 
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in-phase  at  port  4  and  out-of-phase  at  port  1  if  the  sources 
are  properly  matched.  If  port  1  is  terminated,  it  is  piossible 
to  combine  oscillators  using  this  technique  It  is  also  possi¬ 
ble  to  use  sources  combined  by  another  method,  such  as 
the  resonant  cavity  method,  as  the  sources  on  fxirts  2  and  3 
of  the  hybrid.  At  kV-band.  a  hybrid  combining  scheme  was 
used  to  combine  four  two-diode  combiners  to  give  63-W 
peak  [26] 

The  combining  efficiency  tj  for  a  two-source  hybrid  cir¬ 
cuit  configured  as  an  amplifier  is  given  by  [27] 

1  -¥  -i-(2costf)10'^^”* 

2(1 

where  D  is  the  power  difference  between  sources  in  de¬ 
cibels  and  9  is  the  phase  angle  deviation  from  the  proper 
phase  relationship  required  fcK  optimum  combining  The 
phase  error  is  more  critical  than  the  power  difference  in 
attaining  gcx>d  efficiency,  since  greater  than  50-f)ercent 
combining  efficiency  can  be  achieved  for  a  wide  range  of 
power  differences  if  the  phase  deviation  is  kept  below  30“ 
123). 

Spatial  combiners  use  radiating  elements  having  the 
propier  phase  relationship  to  combine  power  from  many 
such  elements  in  space  This  approach  was  first  demon¬ 
strated  at  UHF  frequencies,  but  has  not  been  extensively 
used  at  NMMW  frequencies  except  recently  by  Wandinger 
and  Nalbandian.  [28],  who  combined  the  output  of  two 
Gunn  oscillators  in  a  Fabry- Perot  resonator  at  60  GHz  to 
achieve  54-percent  combining  efficiency  This  work  is  men¬ 
tioned  because  of  the  possible  application  of  this  technique 
to  higher  frequency  sources  Such  quasi-optical  techniques 
have  proven  useful  for  solving  NMMW  circuit  problems  on 
many  occasions. 

Cap  resonators  sometimes  used  for  mounting  Gunn  oscil¬ 
lators  may  be  used  to  combine  these  devices  Such  a 
combiner  is  shown  in  Fig  15,  in  which  two  resonant  cap 
structures  are  mounted  in  a  common  waveguide  with  a 
common  moveable  short  It  is  also  possible  to  place  both 
oscillators  under  the  same  cap  This  technique  has  been 
used  to  combine  four  90-GHz  InP  Gunn  oscillators  to  give 
260-mW  power  output  and  93-p>ercent  combining  effi 
ciency.  Table  3  [14]  shows  results  obtained  at  90  GHz  for 
two-  and  four-diode  resonant  cap  combiners  in  several 
different  cases 

There  are  several  other  combining  techniques  that  are 
not  presently  used  in  the  NMMW  spectrum,  but  which 
should  be  useful  in  these  bands  after  further  development 
In  particular,  chip  level  combining  [29],  [30]  which  has  been 
successfully  used  up  to  70  GHz,  shows  some  promise  it  the 
thermal  and  parasitic  problems  can  be  solved  Referent  e 
[23]  IS  a  useful  synopsis  of  both  microwave  and  NMMW 
power  combining  techniques 


Table  3  Performamr  ol  CW  and  4-Dpshi’  Combining 
C  in  uits  Using  InP  Gunn  Osc  illalor>.  | '  I  ( 
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«g  15.  A  rap  resonator  arrangement  used  to  combine 
solid-state  oscillators  (23) 


III.  Vacuum-Tube  Sources 


To  complement  and  extend  the  capabilities  of  the  early 
tube  sources  such  as  the  klystron  and  magnetron,  several 
very  interesting  and  useful  vacuum-tube  sources  for  the 
near-millimeter-wavelength  range  have  become  available 
fairly  recently.  These  sources  include  the  extended  interac¬ 
tion  oscillator  (EIO)  and  its  amplifier  version  (EIA),  the 
backward-wave  oscillator  (BWO)  or  carcinotron,  the 
gyrolron;  and  such  fairly  exotic  sources  as  the  ledatron, 
the  peniotron,  and  relativistic  electron-beam  devices.  Each 
of  these  sources  will  be  discussed  in  this  section,  with 
emphasis  on  those  generally  available  for  systems  appli¬ 
cations. 

Most  NMMW  tubes  suffer  from  limitations  similar  to 
those  imposed  on  solid-state  sources,  namely,  the 
frequency-determining  elements  become  small  with  in¬ 
creasing  frequency  so  that  fabrication  is  difficult  and  heat 
dissipation  problems  are  severe.  This  problem  is  also  mani¬ 
fested  in  the  design  of  electron  guns  for  NMMW  tubes  The 
ratio  of  cathode  area  to  electron-beam  size  should  be  kept 
below  about  120  for  reliable  tube  design  (31).  yet  higher 
frequency  linear  beam  lubes  generally  require  smaller  elec¬ 
tron  beams  of  higher  density  for  useful  power  output. 
Furthermore,  currently  used  tungsten-matrix  cathodes 
should  be  operated  with  a  loading  of  less  than  about  3 
A/ctW  for  long  tube  life  Fortunately,  new  cathode  materi¬ 
als,  such  as  the  tungsten- indium  matrix  have  become  avail¬ 
able  during  the  last  few  years,  so  that  emission  loadings  of 
up  to  10  A/cm-'  for  long  lime  periods  may  be  used  in  the 
future 

As  cathodes  become  smaller,  gridded  electron  guns  be¬ 


come  more  difficult  to  build.  An  example  of  this  problem 
occured  in  the  early  ElOs,  which  were  cathode-pulsed 
devices.  The  electron  optics  problem  is  made  more  severe 
by  the  defocusing  effect  of  the  control  grid.  Grid  designs  in 
which  the  grid  is  mounted  on  the  surface  of  the  cathode, 
actually  embedded  in  the  cathode  surface,  or  bonded  to 
the  cathode,  offer  good  promise  for  solving  many  of  the 
electron  gun  problems  associated  with  NMMW  tubes. 


h*:. 


The  Magnetron 


Magnetron  oscillators  have  been  widely  used  in  radar 
transmitters,  usually  at  frequencies  lower  than  the  near-mil¬ 
limeter-wavelength  region.  In  recent  years,  magnetrons  have 
been  developed  which  are  capable  of  power  outputs  of  3 
kW  at  frequencies  as  high  as  95  Cl-lz  [32),  and  these  devices 
have  been  used  in  systems  operating  in  this  frequency 
range.  The  frequency/power  capabilities  of  the  magnetron 
were  actually  extended  upward  to  115  GHz  and  3,3  kW  by 
the  Columbia  University  Radiation  Laboratory  as  early  as 
1954. 

The  multiple  cavity  magnetron  traveling-wave  oscillator 
operates  on  the  principle  that  electrons,  spiraling  into  the 
anode  of  the  tube,  contribute  energy  to  an  electromagnetic 
wave  which  travels  around  the  anode  containing  the  cavi¬ 
ties.  Power  is  extracted  from  this  traveling  wave  in  one  of 
these  cavities.  Magnetrons  are  not  widely  used  as  millime¬ 
ter-wave  sources  above  about  70  GHz  because  they  suffer 
from  the  basic  limitation  of  having  the  frequency-determin¬ 
ing  elements,  which  are  the  cavities,  integral  with  the 
anode.  At  the  higher  millimeter  frequencies  this  anode 
cavity  structure  becomes  very  small,  resulting  in  greater 
difficulty  in  cooling  the  tube,  and  erosion  of  the  cavities 
giving  reduced  output.  At  very  high  frequencies,  the  del¬ 
icate  anode  structure  will  not  withstand  the  anode  currents 
required  to  give  useful,  reliable  output.  The  95-GHz  source 
mentioned  above  has  an  expected  life  of  750  h,  and  prob¬ 
ably  represents  the  useful  upper  frequency  limit  of  current 
magnetron  technology. 


The  Reflex  Klystron 


The  reflex  klystron  has  historically  been  a  very  useful 
millimeter-wave  source,  and  remains  the  source  of  choice 
for  many  millimeter  applications.  Klystrons  are  available 
which  are  capable  of  100  mW  at  140  GHz,  and  a  few  have 
been  constructed  which  give  a  few  milliwatts  of  power  at 
frequencies  as  high  as  220  GHz  [33].  These  tubes  are  espe¬ 
cially  useful  as  local  oscillators  because  they  are  inherently 
quiet  and  are  not  difficult  to  phase  lock.  These  features  also 
make  klystrons  useful  as  laboratory  spectroscopic  sources 
for  millimeter  applications. 

Klystrons  are  velocity-modulated  tubes  in  that  a  nega¬ 
tively  charged  reflector  causes  electrons  to  periodically 
"bunch  up,”  giving  rise  to  a  moving  periodic  charge  varia¬ 
tion  and  therefore  electromagnetic  radiation  As  with  the 
magnetron,  the  kiystron  suffers  from  the  limitations  of 
having  a  veiy  small  delicate  cavity  at  the  shorter  wave¬ 
lengths,  which  also  must  collect  the  electron-beam  current. 
This  limitation  results  in  very  high  frequency  klystrons  being 
short  lived,  expensive,  and  sometimes  noisy,  but  it  appears 
that  they  will  continue  to  be  used  mainly  for  the  applica¬ 
tions  named  above,  although  Gunns  and  IMPATTs  are  re¬ 
placing  them  in  many  areas.  Fig.  16  shows  the  output  power 
capability  of  these  tubes  as  a  function  of  frequency  (33). 
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fig.  16.  Power  output  capability  of  reflex  klystrons  as  a  function  of  frequency  (33).  The 
higher  output  indicated  for  the  21O-CH2  tube  relative  to  the  19O-CH2  device  is  a  result  of 
few  device  samples  in  these  regions. 


The  Extended  Interaction  Oscillator  (ElO) 

The  ElO  is  a  comparative  newcomer  to  the  family  of 
millimeter-wave  sources.  A  similar  device  was  sold  by  Oki 
of  Japan  in  the  early  1960s,  but  during  recent  years,  Varian 
of  Canada  has  been  building  millimeter-wave  ElOs  at  fre¬ 
quencies  up  to  260  GHz  (34).  Both  pulsed  and  CW  versions 
of  this  tube  are  available.  Pulsed  ElOs  can  currently  be 
purchased  which  have  power  outputs  of  several  kilowatts  at 
40  GHz  varying  down  to  100  W  at  220  GHz.  ElOs  designed 
for  CW  outputs  of  50  W  at  100  GHz  are  also  available,  fig. 
17  shows  the  achieved  power  outputs  as  a  function  of 
frequency  for  pulsed  and  CW  ElOs  (35).  Other  typical  ranges 
are:  pulse  duty  factors  up  to  0.01,  pulse  lengths  between  2 
ns  and  25  ps,  and  repetition  rates  limited  by  the  capability 
of  the  modulator.  The  ElO  can  be  mechanically  or  electron¬ 
ically  tuned  in  frequency  over  ranges  of  2  GHz  for  mechani¬ 
cal  tuning  and  200  MHz  for  electronic  tuning  at  a  center 
frequency  of  95  GHz. 

ElOs  overcome  the  limitation  of  klystrons  and  mag¬ 
netrons,  caused  by  delicate  frequency-determining  struc¬ 
tures  having  to  collect  beam  current,  by  allowing  the  elec¬ 
tron  beam  to  pass  through  the  structure,  be  modulated  by 
it,  and  collected  on  the  other  side  The  frequency-determin¬ 
ing  element  in  this  case  is  a  periodic  or  slow-wave  struc¬ 
ture,  generally  machined  from  copper  with  a  small  hole  for 
electron  passage.  Since  only  stray  electrons  are  collected  by 
this  element,  the  tube  can  operate  at  high  beam  currents 
despite  the  fact  that  the  structure  is  very  delicate  Millime¬ 
ter-wave  power  is  generated  by  the  modulation  of  the 
electron  beam  as  it  passes  through  the  periodic  structure 
Fig.  18  is  a  schematic  diagram  of  an  ElO.  Limitations  on  this 
type  of  tube  are  improsed  by  the  small  size  of  the 
frequency-determining  elements,  and  by  the  electron-optics 


F'8  17.  Athioved  powor  outputs  for  CW  and  pulsrd  ox- 
tcndod  intrraction  oscillators  (34| 
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Fig.  18.  Schematic  diagram  of  an  extended  interaction 
oscillator.  In  higher  frequency  lubes,  the  drift  tube  cavity  is 
small  and  difficult  to  fabricate 


problem  of  focusing  a  high-current  electron  beam  through 
a  small  hole.  A  significant  advantage  of  these  tubes  is  their 
very  long  lifetimes  The  95-CH2  version  is  guaranteed  for 
1000  h  with  an  expected  lifetime  of  greater  than  5000  h. 


The  Extended  Interaction  Amplifier  (EIA) 

The  EIA  is  the  amplifier  version  of  the  ElO,  although  it  is 
more  mechanically  complex  due  to  the  need  for  three 
frequency-determining  structures  instead  of  the  one  used 
by  the  ElO.  These  ladder  networks  are  used  on  the  input, 
output,  and  in  the  interaction  region  in  between.  ElAs  are 
not  currently  available  at  frequencies  greater  than  95  GHz 
or  in  CW  versions,  although  some  work  has  been  done  on  a 
pulsed  220-CHz  tube  of  this  type  [36].  Currently  available 
95-CHz  ElAs  have  a  small-signal  gain  of  40  dB  and  a  saturated 
gain  of  30  dB.  Fig.  19  shows  the  gain,  power  output,  and 
bandwidth  achieved  for  a  particular  95-CHz  EIA.  Both  ElOs 
and  ElAs  have  recently  been  improved  by  the  addition  of  a 
control  grid  which  allows  for  pulsed  operation  with  a 
1-2-kV  modulator  pulse  instead  of  the  15-kV  cathode  pulse 
required  for  earlier  versions  [37].  This  improvement  greatly 
simplifies  modulator  design  for  these  sources  and  results  in 
improved  frequency  stability  in  the  case  of  the  pulsed  ElO 
because  the  tube  frequency  is  strongly  dependent  on 
cathode  voltage  variations,  which  are  difficult  to  control 
during  a  15-kV  pulse  that  may  be  only  several  tet.s  of 
nanosecoiids  long. 

The  EIA  is  an  RF  amplifier,  rather  thari  a  resonant-cavity 
oscillator,  and  thus  can  amplify  low-level  signals  with  com¬ 
plex  waveforms  such  as  frequency  chirp,  FM/CW,  frequency 
agile,  or  phase  coded.  Good  radar  MTI  performance  should 
be  possible.  Solid-state  transmitters  can  provide  these  com¬ 
plex  waveforms  at  least  up  to  100  GHz,  but  the  advantage 
of  an  EIA  transmitter  would  be  that  the  output  power 
would  be  as  much  as  two  orders  of  magnitude  higher.  ElAs 
have  mechanical  and  electronic  tuning  bandwidths  similar 
to  those  attained  by  ElOs. 

The  Backward- Wave  Oscillator  (BWO) 

The  BWO  or  carcinotron  is  a  very  versatile  near-millime¬ 
ter-wave  source  because  of  its  capabilities  in  the  areas  of 


Fig.  19.  Power  output  of  a  pulsed  extended  interaction  amplifier  near  94  GHz  [3fe|  The 
two  curves  are  for  0  5-  and  2  5  W  inputs  and  represent  small-signal  and  saturated  gains, 
respectively 
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Fig.  20.  Schematic  diagram  of  a  typical  backward-wave  oscillator  This  drawing  does  not 
show  the  external  magnet  which  focuses  the  electron  beam  through  the  slow-wave 
structure. 


broad  bandwidth  and  high  power  (38].  Tubes  of  this  type 
have  been  fabricated  which  are  capable  of  covering  an 
entire  waveguide  band  with  useful  power  output  at  fre¬ 
quencies  up  to  170  GHz  (39).  Alternatively,  power  outputs 
of  up  to  1  W  are  available  in  10-percent  bandwidths  at  300 
GHz  (40],  and  Soviet  workers  have  reported  useful  oper¬ 
ation  of  BWOs  at  frequencies  up  to  1200  GHz  (41).  BWOs 
with  full-waveguide  band  capability  may  be  incorporated 
into  broad-band  sweepers  and  frequency  synthesizers  (42]. 
A  disadvantage  of  these  tubes  is  that  they  require  a  multi¬ 
ple-output,  well-regulated  high-voltage  power  supply  for 
successful  operation. 

like  the  ElO,  the  BWO  uses  a  periodic  or  slow-wave 
structure  as  the  frequency-determining  element.  Fig.  20  is  a 
schematic  diagram  of  a  typical  BWO.  In  the  backward-wave 
oscillator,  the  signal  builds  up  from  the  collector,  where  it 
encounters  the  electron  beam  density-modulated  by  the 
earlier  signal  and  the  periodic  structure.  There  is  therefore 
feedback  via  the  bunched  electrons  of  the  density-mod¬ 
ulated  beam,  and  the  resulting  electromagnetic  wave  prop¬ 
agates  in  a  direction  opposite  to  that  of  the  beam.  The 
value  of  the  beam  current  then  determines  the  degree  of 
feedback.  When  a  certain  value  is  exceeded,  the  feedback 
energy  is  so  high  that  the  tube  oscillates.  In  this  way  the 
signal  is  amplified  until  it  reaches  the  output  which  is 
situated  near  the  input  to  the  slow-wave  structure.  Limita¬ 
tions  on  the  BWO  are  again  imposed  by  the  small  size  and 
delicate  nature  of  the  periodic  structure,  and  by  the  associ¬ 
ated  electron-optics  problem. 

The  Traveling-Wave  Tube  (TWT) 

The  TWT  and  its  amplifier  version  the  TWTA,  are  linear- 
beam  tubes  that  are  roughly  similar  in  operation  to  the  ElO 
and  the  BWO  in  that  they  use  periodic  or  slow-wave 
structures  to  determine  the  frequency.  At  frequencies  up  to 
50  GHz,  this  structure  takes  the  form  of  a  helix,  and  such 
tubes  have  average  power  outputs  of  several  hundred  watts 


MCMILLAN  NMMW  SOURCfS  Of  HADIAtlON 


and  bandwidths  of  about  10  GHz  (6],  (43).  At  near-millime- 
ter-wave  frequencies,  however,  machined  structures  similar 
to  those  used  with  ElOs  and  BWOs  are  used,  and  band- 
widths  are  limited  to  about  1-2  percent  (44),  although 
power  outputs  of  100  W  CW  or  average  have  been  achieved 
at  95  GHz.  Availability  of  NMMW  TWTs  is  currently  limited 
to  this  frequency,  although  Kramer  (6]  has  published  a  set 
of  curves  shown  in  Fig.  21  which  show  achieved  and 
predicted  performance  up  to  100  GHz  Kramer  also  gives  an 
excellent  synopsis  of  TWT  theory  of  operation.  Problems 
with  high-frequency  operation  of  TWTs  are  again  caused  by 
fabrication  of  the  very  small  periodic  structures  and  by 
removal  of  heat  from  them. 

The  Cyrotron 

The  gyrotron  is  a  high-power  millimeter-wave  vacuum- 
tube  oscillator  that  uses  stimulated  cyclotron  emission  of 
electromagnetic  waves  by  electrons  (45],  (46).  This  tube  is  an 
axially  symmetric  device  having  a  large  cajhode,  an  open 
cavity,  and  an  axial  magnetic  field  Electrons  are  emitted 
from  the  cathode  with  a  component  of  velocity  [jerpendic- 
ular  to  the  magnetic  field  so  that  they  are  caused  to  spiral  as 
they  are  accelerated  through  the  magnetic  field  to  a  collec¬ 
tor.  This  spiraling  occurs  at  the  cyclotron  frequency  of  the 
electrons,  and  it  is  this  frequency  that  is  radiated  by  the 
tube.  Harmonics  of  this  frequency  may  also  be  radiated. 
The  coupling  between  the  electron  beam  and  the  millime¬ 
ter-wave  radiation  allows  the  beam  and  microwave  circuit 
dimensions  to  be  large  compared  to  a  wavelength,  so  that 
the  power  density  and  related  circuit  dimension  problems 
encountered  in  almost  all  other  NMMW  lubes  are  avoided 
(47).  As  a  result,  gyrotrons  are  capable  of  very  high  output 
powers  and  efficiencies.  However,  the  large  circuit  dimen¬ 
sions  generally  contribute  higher  order  output  modes  which 
may  not  be  compatible  with  conventional  millimeter-wave 
techniques.  Workers  in  the  Soviet  Union  have  obtained  22 
kW  CW  at  2  mm,  210  kW  pulsed  at  2  4  mm,  and  1 .2  kW  CW 
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«S  21.  Demonstrated  ar>d  projected  TWT  output  power  for  pulsed  (solid  circles)  and  CW 
(concentric  circles)  devices  (6).  Projections  are  shown  for  solenoid  and  pericxiic  permanent 
magnet  (PPM)  focused  tubes 


at  0.9  mm,  with  efficiencies  as  high  as  30  percent  (31),  (43). 
In  the  US,  workers  at  Varian  have  achieved  205  kW  CW  at  5 
mm. 

f'g  22  (48)  is  a  schematic  diagram  of  a  gyrotron  oscillator 
showing  the  cathode,  anodes,  cavity,  collector,  and  output 
window  Fig  23  is  a  detail  drawing  of  the  cathode  region 
showing  the  spiral  electron  trajectories  which  result  from 
the  electrons  being  emitted  nearly  perpendicular  to  the 
axial  magnetic  field  direction.  Since  the  output  frequency  u 


is  related  to  the  magnetic  field  S  by 

eB 
w  "  — 
m 

where  e/m  is  the  ratio  of  electronic  charge  to  effective 
electron  mass,  NMMW  frequencies  are  seen  to  require  very 
high  magnetic  fields,  necessitating  the  use  of  superconduct¬ 
ing  magnets  for  frequencies  greater  than  about  60  GHz  (47). 
Amplifier  variants  of  the  gyrotron,  called  the  gyroklystron 


I.  eUN  STSUCTURI 
1.  iMITTINO  All* 

1.  lilANOOt 
«.  2«a  AMOOl 

5.  CAVITT 

i.  OUTFIT  COUrilHC  Ills 
r.  coiiiCTot 

1.  VACUUM  WINDOW 
t.  OUTPUT  WAVICUIDt 

10,  II.  WATIO  COOUNG 

11,  II.  SOIINOIDt 

l«.  CilAMK  INSUlATOtS 


-Mcm 


22.  SfhomafK  diagram  of  a  gyrotron  oscillator  [*t7|  Also  shown  is  (ho  magnotn  hold 
variation  ovor  thr  length  of  the  tube 
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«s  23.  Detail  of  the  cathode  area  of  a  gyrotron  showing  electron  traiectories,  equipoten- 
tial  lines,  arxi  the  magnetic  field  near  the  cathode  (47]. 
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Fig.  24.  Schematic  of  a  relativistic  electron-beam  device  |50| 


and  the  gyro-TWT,  are  under  development  in  this  country 
[47]  and  have  been  successfully  operated  at  the  higher 
microwave  frequencies.  It  is  likely  that  further  development 
in  this  area  will  lead  eventually  to  useful  NMMW  devices. 

Relativistic  tIectron-Beam  (R£B)  Devices 

Relativistic  electron-beam  (REB)  devices  have  been  em¬ 
phasized  by  workers  in  this  country,  mainly  al  the  Naval 
Research  Laboratory  [49]-[511.  Probably  the  most  successful 
device  of  this  type  operates  on  the  principle  of  scattering  of 
a  low-frequency  high-power  electromagnetic  wave  by  a 
relativistic  electron  beam.  High-power  millimeter-wave 
radiation  is  thought  to  be  generated  by  a  Doppler  shift 
which  occurs  when  the  low-frequency  radiation  is  scattered 
by  the  relativistic  beam.  Another  type  of  REB  uses  an 
urtdulator  arrangement  to  perturb  the  passage  of  the  high- 
energy  electron  beam,  thus  causing  acceleration  and  subse¬ 


quent  emission  of  electromagnetic  radiation  Fig  24  [50] 
shows  a  REB  device  of  this  type  which  uses  an  iron  ring  as 
the  undulator 

Because  of  the  high  currents  and  necessarily  high  accel¬ 
erating  voltages,  REB  devices  are  limited  to  pulsed  oper¬ 
ation  Peak  output  powers  of  up  to  I  MW  have  been 
obtained  in  addition  to  being  limited  to  pulsed  operation, 
REBs  require  high  currents  and  high  acceleration  voltages, 
which  make  them  very  large  and  therefore  useful  only  in 
the  laboratory.  Many  workers  in  this  field,  however,  feel 
that  REB  devices  can  be  scaled  to  tractable  sizes  bv  careful 
design 

The  ledatron 

Another  type  of  vacuum  tube  which  avoids  the  decreas¬ 
ing  size  and  increasing  power  density  problems  inherent  in 
the  periodic  structures  of  BWOs.  ElOs,  and  TWTs  is  the 


MCMItlAN  NMMW  SOUHCIS  CJI  KADIAIION 


ledatron  (52].  This  device  uses  a  Fabry-Perot  interferometer 
as  the  resonant  element  and  takes  advantage  of  the  fact 
that  these  resonators  are  several  orders  larger  than  a  wave 
length  and  are  therefore  much  easier  to  fabricate.  Two 
different  modes  of  interaction  between  the  electron  beam 
and  the  resonator  are  used  in  the  ledatron.  In  the 
Fabry-Perot  mode,  the  beam  interacts  directly  with  the 
standing-wave  pattern  in  the  resonator,  but  in  the  surface- 
wave  mode,  the  interaction  is  between  the  beam  and  a 
backward  wave  contained  in  the  surface  wave  guided  by 
the  diffraction  grating,  which  forms  one  element  of  the 
Fabry-Perot  resonator. 

Although  the  maximum  predicted  frequency  of  the 
ledatron  is  3  THz,  experimental  models  have  been  con¬ 
structed  which  operate  at  60-80  GHz  with  100  mW  of 
output  power.  It  is  expected  that  the  ledatron  will  eventu¬ 
ally  find  its  place  as  a  submillimeter-wave  oscillator  with 
power  output  up  to  1  W  and  a  tuning  range  of  30  percent. 

The  orotron  is  a  variant  of  the  ledatron  which  operates  in 
the  Fabr^- Perot  mode.  Manifestations  of  this  tube  which 
have  been  built  by  Harry  Diamond  Laboratories  [53],  [54]  in 
this  country  use  a  curved  output  coupling  mirror  so  that  a 
semi-confocal  interferometer  is  formed.  Fig.  25  is  a  sche¬ 
matic  diagram  of  this  device. 


«g  25.  Schematic  diagram  of  an  orotron  oscillator  [54J 


Other  Tube-Type  NA4A4W  Sources 

The  peniotron  is  a  variant  of  the  gyrotron  in  that  a 
cylindrical  electron  beam  with  a  large  initial  transverse 
velocity  component  executes  cyclotron  motion  in  a  longi¬ 
tudinal  magnetic  field  [32].  In  the  peniotron,  however,  the 
interaction  region  is  a  longitudinal  double-ridged  wave¬ 
guide,  and  the  angular  frequency  is  twice  the  fundamental 
gyrotron  frequency.  The  theoretical  conversion  efficiency 
for  transverse  beam  energy  is  nearly  100  percent,  and  a 
94-CHz  1-kW  amplifier  is  under  development. 

The  ubitron  is  a  relativistic  electron-beam  device  which 
uses  a  spatially  periodic  magnetic  field  to  produce  a  spa¬ 
tially  undulating  electron  beam  which  interacts  with  the  RF 
field  in  a  circular  waveguide  [32],  [41].  As  with  other  RE8 
devices,  the  ubitron  has  good  potential  at  NMMW  frequen¬ 
cies,  but  initial  work  has  been  carried  out  at  54  GHz,  where 
150  kW  with  5-percent  efficiency  have  been  obtained. 

The  orbitron  (32),  [55]  is  a  very  simple  MMW  oscillator 


that  consists  only  of  an  aluminum  cylinder  (a  beer  can  was 
used  for  the  prototype)  with  an  axial  wire  situated  in  a 
partial  vacuum,  as  shown  in  Fig.  26.  A  positive  pulse  applied 
to  the  wire  ionizes  the  low-pressure  air,  producing  elec¬ 
trons  attracted  to  the  central  wire.  Electrons  with  a  trans¬ 
verse  velocity  component  will  then  orbit  the  wire,  with 
attraction  opposed  by  centrifugal  force.  Pulses  of  MMW 
power  up  to  54  GHz  have  been  produced  by  this  device, 
and  other  configurations  are  under  investigation.  The 
orbitron  offers  the  great  advantage  of  electrostatic  confine¬ 
ment,  with  no  external  magnetic  field  required. 


IV.  Phase  and  Frequency  Control  of  NMMW  Sources 

Increasing  use  of  millimeter-wave  frequency  bands  for 
communications,  radar,  and  measurement  functions  has 
created  the  need  for  more  sophisticated  and  higher 
frequency  methods  of  precisely  controlling  the  frequency 
and  phase  of  sources  of  radiation  in  these  bands.  The 
availability  of  higher  frequency  sources  and  more  sensitive 
receivers  has  pushed  functional  millimeter-wave  tech¬ 
nology  to  the  limit  of  usefulness  as  determined  by  the 
atmospheric  transmission  bands,  and  phase-locking  tech¬ 
niques  have  been  used  in  laboratory  experiments  to  lock 
lasers  at  frequencies  as  high  as  28  THz  [56],  resulting  in 
determinations  of  the  speed  of  light  to  nine  significant 
figures  and  providing  methods  of  precisely  determining  the 
values  of  other  fundamental  physical  constants.  It  is  prob¬ 
ably  safe  to  say  that  no  other  physical  quantity  has  been 
measured  with  the  precision  with  which  frequency  has 
been  measured  using  phase-locking  techniques.  The  reason 
for  this  precision  of  course  is  that  a  fairly  ordinary  crystal 
oscillator,  which  may  have  a  long-term  stability  on  the 
order  of  one  part  in  10*’,  can  serve  as  a  reference  for  phase 
locking  a  millimeter-wave  source,  whose  frequency  is  then 
known  to  the  same  accuracy.  This  accuracy  can  be  greatly 
improved  upon  by  using,  for  example,  a  commercially  avail¬ 
able  rubidi'im  frequency  standard  with  an  accuracy  of  one 
part  in  10".  Coherent  radar  systems  have  for  years  relied  on 
phase  or  injection-locked  transmitters  as  well  as 
phase-locked  receiver  local  oscillators  to  give  the  level  of 
frequency  control  required  for  determination  of  target 
velocities  by  the  Doppler  effect.  Furthermore,  the  very 
sophisticated  methods  of  data  processing  resulting  in  target 
detection  in  the  presence  of  clutter  rely  heavily  on  precise 
methods  of  frequency  and  phase  control  of  transmitter  and 
local  oscillator. 

Several  methods  of  frequency  and  phase  control  are  used 
for  NMMW  sources.  The  frequency  discriminator  may  be 
used  to  control  frequency  to  approximately  a  few  parts  in 
10'’.  The  phase  lock  will  control  frequency  to  the  accuracy 
of  the  phase-lock  reference,  which  may  be  as  good  as  one 
part  in  10",  as  mentioned  earlier,  and  will  also  control  the 
relative  phase  of  the  source  and  reference  to  an  accuracy  of 
a  few  degrees,  after  a  suitable  warm-up  preriod.  The  most 
powerful  phase-locking  techniques  combine  the  wide  cap¬ 
ture  range  of  the  discriminator  with  the  precise  phase 
control  of  the  phase  lock  to  result  in  a  frequency  control 
system  that  has  excellent  frequency  stability  and  better 
immunity  to  perturbations  which  cause  loss  of  phase  lock. 
Injection  locking  of  solid-state  sources  is  also  a  useful 
technique,  and  this  approach  is  usually  used  in  conjunction 
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fig.  26.  A  drawing  of  the  orbitron,  a  nrillimeter-wave  oscillator  which  needs  no  external 
magnetic  field  (S5|. 


with  phase  or  frequency  locking.  Each  of  these  methods  of 
phase  and  frequency  control  will  be  discussed  in  the  fol¬ 
lowing  paragraphs. 

Phase  and  Frequency  Control  Fundamentals 

A  block  diagram  of  a  basic  phase-locking  system  is  shown 
in  Fig.  27  [57],  [58],  The  output  of  the  voltage-controlled 
oscillator  (VCO)  mixes  with  that  of  the  reference  oscillator 
in  a  phase  detector  mixer  to  generate  a  phase  error  signal, 
which  is  in  turn  fed  back  through  the  loop  filter  to  control 
the  phase  of  the  VCO.  The  VCO  is  a  phase  integrator  and 
its  transfer  function  is  Kg/s  where  Kg  is  the  VCO  constant 


in  rad/sec  •  V  and  s  is  the  Laplace  transform  differentiation 
operator.  K^  is  the  phase  detector  constant  in  V/rad  and 
F(s)  is  the  (generally  active)  loop  filter  transfer  function, 
chosen  to  give  the  best  combination  of  phase-lock-loop 
frequency  stability  and  phase  noise  performance 

Frequency  control  of  a  VCO  is  effected  by  a  discrimina¬ 
tor,  which  is  a  device  that  has  an  output  voltage  propor¬ 
tional  to  the  difference  between  the  VCO  frequency  and 
some  reference  frequency.  Since  discriminator  error  voltage 
is  proportional  to  frequency  and  not  phase,  frequency-con¬ 
trol  loops  are  not  as  "light"  as  phase-control  loops,  and  the 
frequency  errors  are  therefore  greater. 

It  was  mentioned  that  the  combination  of  a  frequency- 


fig-  27.  Block  diagram  of  a  basic  phase-locked  voltage-controlled  oscillator. 
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Hg.  28.  Block  diagram  of  the  Henry  (59)  phase  and  frequency  control  circuit.  The  devices 
represented  by  crossed  circles  are  mixers. 


and  a  phase-control  loop  provides  a  very  powerful  phase¬ 
locking  method.  Such  a  circuit  has  been  devised  by  Henry 

[59] ,  who  designed  his  circuit  to  lock  klystrons  used  for 
radio-astronomical  applications,  although  the  same  tech¬ 
niques  apply  to  millimeter-wave  sources  in  general.  Pickett 

[60]  has  modified  Henry's  circuit  to  operate  with  a  digital 
phase-frequency  detector.  Fig.  28  is  a  block  diagram  of  the 
Henry  phase  lock  showing  the  phase-  and  frequency-con¬ 
trol  loops.  Assuming  that  the  source  is  not  locked,  if  will 
generally  be  oscillating  at  a  frequency  such  that  the  dif¬ 
ference  between  the  IF  and  the  reference  oscillator  is  out¬ 
side  the  capture  range  of  the  phase-lock  loop.  In  this  case, 
the  discriminator  captures  the  tube  and  pulls  it  within  range 
of  the  phase  lock,  where  the  discriminator  is  disabled.  In 
this  way  the  phase-  and  frequency-control  loops  do  not 
interfere  with  each  other  but  act  in  a  complementary  way 
to  combine  the  wide  capture  range  of  the  discriminator 
with  the  precise  frequency  and  phase  control  of  the  phase- 
lock  loop. 

Another  approach  to  extending  the  capture  range  of  the 
phase-lock  loop  involves  activating  a  sweep-search  mode  if 
the  source  loses  lock.  Since  most  phase-lock  loops  have 
much  narrower  capture  range  than  sources  have  electronic 
tuning  range,  a  source  will  likely  remain  unlocked  if  it  is 
unlocked  because  of  a  prerturbation  or  upon  initially  apply¬ 
ing  power.  If  this  occurs,  the  sweep-search  mode  is  initiated 
to  sweep  the  source  through  the  proper  frequency  repe¬ 
titively  until  lock  is  regained.  The  sweep  is  usually  a  1-Hz 
ramp  that  is  applied  to  the  frequency  control  input  of  the 
source  when  diagnostic  circuitry  senses  that  lock  is  broken 
Fig.  29  is  a  block  diagram  of  a  circuit  used  extensively  to 
lock  solid-state  oscillators  [61],  which  incorporates  a 
sweep-search  mode  for  wide  frequency  capture  range.  The 
sweep-search  circuitry  is  incorporated  in  the  loop  electron¬ 
ics  and  driver  block 

Injection  locking  is  a  method  of  phase  control  in  which 


power  from  the  reference  oscillator  is  injected  directly  into 
the  output  of  the  oscillator  to  be  controlled  by  means  of  a 
circulator  [62].  It  is  generally  used  for  pulsed  sources,  be¬ 
cause  the  methods  of  phase  control  discussed  earlier  are 
more  easily  used  for  CW  sources.  The  rationale  for  injection 
locking  is  that  radiation  from  all  oscillators  builds  up  ini¬ 
tially  from  broad-band  noise  in  the  device.  The  injected 
signal  provides  a  coherent  basis  for  this  buildup,  causing 
the  source  to  oscillate  in  phase  with  this  reference  signal. 
The  reference  signal  is  a  phase-locked  oscillator  generally 
controlled  by  the  methods  described  earlier. 

The  frequency  of  a  phase-locked  source  is  characterized 
by  both  short-  and  long-term  stability.  Long-term  stability  is 
almost  totally  determined  by  the  quality  of  the  reference 
source,  and  is  usually  specified  as  parts  per  million  of 
frequency  deviation  per  unit  time.  Times  for  this  specifica¬ 
tion  are  usually  long — 1  h,  or  one  day  are  common  specifi¬ 
cation  times.  Short-term  stability  is  determined  by  the  qual¬ 
ity  of  the  reference  source,  the  inherent  FM  noise  of  the 
phase-locked  source,  and  the  response  of  the  phase-lock 
loop.  Short-term  stability  is  usually  characterized  as  phase 
noise,  which  is  a  measure  of  the  FM  noise  in  a  given 
bandwidth  at  a  given  frequency  displacement  from  the 
carrier.  It  is  normally  measured  in  decibels  below  the  carrier 
peak,  and  for  convenience,  the  specified  measurement 
bandwidth  is  sometimes  chosen  to  be  1  Hz. 

Another  property  of  phase-locked  sources  is  that  such  a 
source  can  never  have  a  better  phase-noise  spectrum  than 
its  reference  oscillator;  in  particular,  it  is  not  difficult  to 
show  [57]  that  the  phase  noise  of  the  NMMW  source  can 
never  be  better  than  20  log  N  plus  the  phase  noise  of  the 
reference,  where  N  is  the  frequency  multiplication  ratio 
Fig  30  shows  the  relationships  between  reference  phase 
noise  and  NMMW  source  phase  noise.  Ai  frequencies  at 
which  the  phase-lock  loop  has  control,  the  20  log  N  rela- 
ftonship  is  maintained,  as  shown.  When  the  loop  begins  to 
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Fig.  29.  Schematic  diagram  of  a  circuit  used  extensively  to  lock  solid-state  oscillators  (62). 
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Hg.  30.  Relationships  between  phase  noise  outputs  of  reference  osi  illaloi  and  NMMW 
source 


lose  control,  the  phase  margin  of  the  loop  decreases  be¬ 
cause  of  phase  shift  in  the  loop  filler  and  transport  lag,  and 
the  phase  noise  of  the  locked  NMMW  source  may  actually 
be  worse  than  that  of  the  unlocked  source,  as  shown  in  the 
figure.  However,  it  is  possible  to  minimize  the  phase  noise 
peak  by  careful  design.  When  the  loop  totally  loses  control. 


the  phase  noise  reverts  to  that  of  the  unlockt'd  source, 
again  shown  in  the  figure 

Ph.isr-lockmg  ResulPi 

Fig  31  shows  the  spectrum  of  a  phase-locked  Cuno 
oscillator,  locked  using  the  circuit  of  Fig  2h  The  corre 
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Fig.  31.  Spectrum  of  phase-locked  94-CH2  Cunn  oscillator  Scales  for  5  MHz  (horizontal) 
and  10  dB  (vertical)  are  indicated  on  the  figure. 
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«S  32.  Measured  phase  noise  of  <M-CHz  Gunn  oscillator  showing  relationships  between 
the  reference  source,  the  phase-locked  oscillator,  and  the  free-running  oscillator  (62) 


spending  phase  noise  spectrum  of  this  source  is  shown  in 
Fig.  32,  which  also  clearly  shows  the  relationships  discussed 
in  the  last  section.  It  has  also  been  possible  to  lock  an 
IMPATT  oscillator  at  116  GHz  using  this  circuit  [63)  The 
phase  noise  of  a  reflex  klystron  oscillator  at  116  GHz  is 
shown  in  Fig.  33  [64]  and  photographs  of  the  spectrum  of 
this  source  are  given  in  Figs.  34  and  35,  which  show  near¬ 
carrier  and  broad-band  results,  respectively. 

By  using  the  phase-locking  techniques  discussed  above. 
It  has  been  possible  to  build  broad-band  sophisticated 
IMPATT-based  frequency  synthesizers  at  frequencies  up  to 
W-band  (70-110  GHz)  [65],  |66J.  A  full  waveguide  band 
synthesizer  based  on  the  BWO  has  also  been  built  for 
U-band  (40-60  GHz)  [42|,  with  indications  that  the  same 
techniques  could  be  used  up  to  D-band  (110-170  GHz) 
Fig.  36  is  a  block  diagram  of  such  a  synthesizer  The  desired 
frequency  is  entered  into  the  microcomputer,  which  sets 
the  frequency  of  the  reference  synthesizer  to  the  proper 


value  and  also  generates  a  coarse  frequency  control  voltage 
for  the  source  through  the  D/A  converter.  This  latter  volt¬ 
age  pulls  the  source  frequency  within  range  of  the  phase- 
lock  loop  which  captures  it  and  locks  it  to  the  desired 
frequency.  In  the  (/-band  synthesizer  mentioned  above,  a 
discriminator  was  used  to  augment  the  capture  range  of  the 
phase-lock  loop.  Also,  the  IMPATT-based  synthc'si/er  uses 
bias  tuning  of  the  source,  whereas  the  BWO  ssnlhesizor 
applies  the  coarse  frequency  control  voltage  to  a  duierent 
tube  electrode  than  the  phase  control  voltage. 

Injection-locked  IMPATT  oscillators  have  been  used  in  an 
all  solid-state  pulsed  coherent  W-band  radar  [67],  Fig.  37  is  a 
block  diagram  of  the  transmitter  output  stages  which  have  a 
peak  output  of  greater  than  10  W,  and  Fig.  38  shows  the 
spectrum  of  this  transmitter.  Note  that  this  spectrum  de¬ 
parts  little  from  the  theoretically  ideal  sin^  x/x^  for  a  rectan¬ 
gular  pulse. 

Injection  priming  of  ElO  tubes  has  also  been  used  to 
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35.  Bfoad  band  sppelrum  ot  klystron  oscillating  at  1 16 
CH/  [65]  Horizontal  (2-MHz)  and  vortical  (lO  dB)  scairs  arc- 
shown  Similar  results  were  obtained  at  HO  and  173  GHz 


Fig.  36.  Sc  hematic  diagram  of  BWO-hasecf  full  waveguidr-- 
band  -tO-tjO-CHz  frequency  synthesizer  |47] 

improve  the  spectrum  of  this  sourer-  |68|.  |6h]  The  term 
"priming"  insteaci  of  kicking  is  useci  because  generally  not 
enough  power  is  available  for  true  miecticin  locking  of  this 
device  Besides  improving  the  spectrum,  miection  priming 
has  been  shown  to  effectively  eliminate  start-up  (liter  in  the 
ElO,  allowing  output  pulsewidths  as  short  as  2  ns 

V  CONC  ttlSIONS 

It  IS  safe  to  say  that  solid-state  and  tube-type  NMMW 
sources  have  advanced  in  power  and  frequency  coverage  to 
the  point  of  being  useful  in  all  of  the  atmospheric  windows 
in  which  realistic  systems  can  be  built  (up  to  about  340 
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f'g  37.  Block  diagram  of  a  pulsed  94-CH2  10-W  injection-locked  solid-state  transmitter 
168], 


Fig.  38.  Spectrum  of  pulsed  ‘M-CHz  10-W  injection-locked 
solid-state  transmitter  [68],  This  photograph  was  made  with  a 
pulsewidth  of  60  ns  and  a  PRF  of  100  kHz  .  The  spectrum 
analyzer  was  set  for  300-kHz  bandwidth,  20-MHz/div  hori¬ 
zontal  scale,  and  10-dB/div  vertical  scale. 


GHz),  If  NMMW  lasers  are  considered,  this  limit  of  system 
usefulness  has  been  exceeded;  however,  lasers  may  still  be 
used  in  many  laboratory  applications  not  affected  by  the 
atmosphere.  Advances  in  solid-state  sources  have  brought 
reliability,  simplicity,  and  long  life  to  systems  that  were 
previously  very  complicated  or  nearly  impossible  to  build 
using  tubes.  On  the  other  hand,  the  power  and  frequency 
capabilities  of  tube-type  sources,  based  on  fairly  recent 
advances,  have  been  improved  to  the  extent  that  there  are 
still  many  functions  which  only  tubes  can  perform.  How¬ 
ever,  it  should  be  noted  that  more  bandwidth  capability  is 
needed  for  both  solid-state  and  tube-type  NMMW  sources 

Frequency  and  phase  control  of  NMMW  sources  has  kept 
pace  with  other  advancements  in  these  devices.  Improved 
harmonic  mixers  and  better  methods  of  phase  locking  have 
contributed  greatly  to  this  advance.  It  is  a  fact  that  higher 
frequency  sources  generally  have  broader  noise  band- 
widths,  necessitating  continuing  improvements  in  phase¬ 
locking  techniques  to  provide  coherent  NMMW  sources. 
Phase  locking  provides  the  basis  for  the  most  accurate 
measurements  of  physical  quantities  ever  made. 

Existing  NMMW  sources  will  continue  to  improve,  and 
new  approaches  in  both  source  and  source-utilization  tech¬ 


nology  will  continue  to  be  found.  As  these  advances  are 
made,  the  ideal  simple,  reliable,  broad-band,  high-power 
NMMW  source  will  be  more  closely  approached. 
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Utilization  of  the  near- millimeter-  wave  band  is  limited  by  almo- 
spherii  effects  on  propagation.  Although  this  paper  is  restricted  to 
clear-air  effects,  it  is  pointed  out  that  these  phenomena,  which  are 
molecular  in  origin,  are  also  present  to  a  significant  degree  in 
adverse  weather  The  paper  surveys  theoretical  and  observational 
knowledge  concerning  absorption,  emission,  refraction,  and  turbu- 
lenc  e  effects  in  clear  air  and  in  the  spectral  range  90  to  1000  CHz 
SAodeling  practices  are  also  reviewed 

I.  Introduction 

Thf>  effects  of  the  atmosphere  have  been  paradoxically 
both  a  hindrance  and  a  boon  to  the  development  of  near- 
millimeter-wave  technology.  For  many  years,  this  spectral 
range  was  handicapped,  not  only  by  formidable  develop¬ 
ment  problems,  but  also  by  concerns  about  atmospheric 
attenuation  which  is  significantly  higher  than  at  longer 
wavelengths.  A  resurgence  of  interest  in  near-millimeter 
waves  came  about  in  response  to  problems  at  shorter  wave¬ 
lengths.  Infrared  systems,  while  able  to  operate  in  both  day 
and  night,  are  frequently  unable  to  perform  through  clouds, 
fog,  or  smoke.  Near-millimeter  waves  are  able  to  penetrate 
these  obscurants  with  reasonable  compromises  in  range 
and  angular  resolution.  Activity  in  near-millimeter-wave 
propagation  research  has  increased  in  recent  years  in  re¬ 
sponse  to  needs  for  better  definitions  of  the  limitations.  In 
addition,  it  is  recognized  that  certain  processes  in  molecular 
physics  or  atmospheric  optics  can  be  studied  with  special 
advantage  in  this  part  of  the  electromagnetic  spectrum 

A  number  of  commendable  reviews  have  appeared  (e  g  , 
[11-[7])  which  examine  in  some  detail  the  available  litera¬ 
ture  The  present  review  will  not  attempt  to  repeat  their 
critical  efforts  but  rather  provide  a  relatively  terse  account 
summarizing  what  is  known  and  what  are  the  frontier 
issues  The  review  will  cover  effects  of  importance  in  the 
frequency  range  90  to  1000  GHz  and  will  be  divided  in  two 
parts  to  be  published  separately  In  this  first  part,  the  efferts 
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of  molecular  absorption,  emission,  and  refraction  and  those 
due  to  turbulence  will  be  covered.  These  are  normally 
thought  of  as  clear-air  phenomena,  but  they  are  also  an 
important  component  of  adverse  weather  effects,  which 
will  be  reviewed  in  a  later  paper. 


II.  Molecuiar  Absorption 
A.  Theory 

The  major  molecular  absorbers  in  the  near-millimeter 
wavelength  region  are  H  ,0  and  O  A  fesv  minor  con¬ 
stituents  can  be  seen  weakly,  such  as  O,,  and  have  been 
the  subject  both  of  ground-based  and  high-altitude  investi¬ 
gations  (eg.,  [8],  [9)).  However,  these  have  a  negligibli' 
impact  on  utilizations  of  the  band  for  communications, 
radar,  and  the  like  Molecular  absorption  at  these  frequen¬ 
cies  occurs  principally  through  the  excitation  of  rotational 
transitions,  and  its  strength  is  usually  determined  bs  the 
size  of  the  molecule's  electric  dipole  moment  Molecular 
oxygen  is  the  weaker  of  the  two  princittal  afi'-orbers  be¬ 
cause  it  is  a  homonuclear  diatomic  with  no  elec  tric  difiole 
moment.  It  is  able  to  make  relatively  weak  transitions  since 
it  exists  in  a  triplel-sigma  ground  state  with  two  uncoupled 
(electron)  spins,  which  give  the  molecule  a  magnetic  mo¬ 
ment.  Absorption  due  to  oxygen  shows  up  c  learlv  not  from 
its  intrinsic  strength  but  from  the  large  concentration  of  O 
in  the  atmosphere.  The  water  molecule  on  the  other  hand 
has  a  strong  electric  dipole,  and  in  spite  of  the  light  atoms 
in  the  molecule,  the  spacing  of  the  abscjrption  resonances  is 
relatively  close  due  to  the  molecule's  bent  shape  and  the 
consequent  asymmetry  of  its  rotational  inertia  Absorption 
resonances  c)f  both  oxygen  and  water  molecules  are  shown 
in  the  calculated  spec  trum  in  Fig  1  The  level  of  absorption 
tx'tween  these  resonances  has  a  considerable  contribution 
from  the  wings  of  strong  resonances  of  water  at  higher 
frequencies 

An  important  tool  in  modeling  atmospheric  absorption  is 
the  comf)ilation  of  atmos()heric  absorpticin  resonance 
parameters  which  is  maintained  bv  the  Air  Force  Geo¬ 
physics  latroratorv  |101,  parallel  efforts  should  also  be  recog- 
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Fig.  1.  Atmospheric  absorption  coefficient  for  a  horizontal 
path  near  sea  level  calculated  with  the  model  in  [37]  Solid 
line  is  the  total  predicted  for  absorption  by  water  and 
oxygen  molecules  in  the  atmosphere.  The  positions  of  oxygen 
lines  are  indicated  with  arrows  The  dashed  line  shows  the 
continuum  component  of  the  model  calculated  with  (2) 
Crjnditions  assumed  T  =  288  K.  dry  air  pressure  P,  =  10)  3 
kPa  (1013  mbar),  partial  pressure  of  water  vapor  e  =  17  kPa 
(17  mbar.  i  e.,  saturated)  After  (37) 


nized  [11],  [12].  A  word  about  nomenclature  is  appropriate 
here.  The  term  resonance,  to  denote  regions  of  peak  molec¬ 
ular  absorption,  is  physically  more  satisfying,  however,  the 
convention  in  spectroscopy  is  to  call  these  peaks  "lines," 
and  this  paper  will  comply  to  avoid  confusion  with  the 
literature.  The  AFCL  tables  comprise  extensive  lists  of  line 
positions,  intensities,  widths,  and  energy  levels  from  which 
the  absorption  coefficient  at  a  given  frequency  v  may  be 
calculated  according  to 

“(*')  =  <7L5„/(»',»'„,y„)  (1) 

'  f 

where  ««,,  is  the  line  position,  S,,  is  the  intensity, 

IS  a  function  which  describes  the  shape  of  the  lines,  y,,  is 
the  linewidth,  and  q  is  the  concentration  of  the  absorber. 
As  shown,  a  simple  summation  is  made  over  all  lines  in  a 
band,  since  line-coupling  effects  may  be  neglected  for 
atmospheric  molecules  in  the  near-millimeter  spectrum  [l3]. 
Allowance  is  made  for  the  temperature  dependence  of  the 
line  intensities  with  the  help  of  tabulated  energy  levels,  and 
for  the  temperature  dependence  of  linewidths,  with  the 
help  of  detailed  calculations  for  at  least  two  temperatures 
[14],  [15].  Since  the  width  of  lines  in  the  troposphere  arises 
from  collisional  broadening,  this  parameter  depends  on  the 
barometric  pressure  and  the  partial  pressure  of  the  absorb¬ 
ing  gas  [14],  [15]  As  a  result,  in  the  gaps  between  lines, 
absorption  by  water  vapor  has  two  terms,  one  that  increases 
linearly  with  water  molecule  concentration  (line  broad¬ 
ening  by  air),  and  one  that  increases  quadratically  with 
water  molecule  concentration  (self-broadening).  The  accu¬ 
racy  of  tabulated  data  on  line  parameters  is  reviewed  in  [10] 
and  is  generally  adequate  for  modeling  Widths  are  d  fficult 
to  measure,  but  by  far  the  most  uncertain  item  in  any 
model  is  the  shape  of  the  lines  a  few  linewidths  away  from 
line  center,  particularly  when  an  entirely  theoretical  de¬ 
scription  IS  used 

Interest  in  the  physics  of  line  shape  has  been  sfjurred  in 
the  near-millimeter  spectrum  since  much  of  this  region's 
utility  lies  in  the  intervals  of  frequency  betwi’en  lines,  ancf 
there  significant  limitations  are  imposed  by  molec  cilar  ab¬ 
sorption,  even  more  so  than  in  those  regions  c  ommonlv 


used  in  the  infrared.  For  many  years,  collisional  line  shape 
formulas  have  been  used  which  were  derived  [1b]-[18]  with 
a  simplification  known  as  the  "impact  approximation"  in 
which  it  is  assumed  that  collisions  occur  in  infinitesimal 
intervals  of  time.  This  can  give  a  fairly  accurate  picture  of 
the  line  shape  within  intervals  of  frequency  equal  to  a  few 
times  the  linewidth  since  this  regime  corresponds  to  time 
intervals  of  the  order  of  the  time  between  collisions,  or 
longer.  (One  can  think  of  collisional  line  broadening  as  a 
kind  of  modulation  process.)  The  details  of  the  events 
within  collisions  begin  to  have  an  effect  on  the  line  shape 
as  the  frequency  difference  from  a  given  line  center  ap¬ 
proaches  the  reciprocal  of  the  collision  durations.  Recent 
work  has  made  progress  in  methods  to  include  the  finite 
duration  of  collisions  in  the  theory  [19],  [20],  and  some 
general  constraints  on  the  shape  of  lines  far  from  line 
center  have  been  clarified.  For  frequencies  distant  from  a 
given  line  by  more  than  the  reciprocal  of  typical  collision 
durations,  some  type  of  exponential  decrease  is  required  in 
the  line  shape  formula  [21].  This  represents  less  absorption 
in  the  far  wings  of  lines  than  has  been  heretofore  predicted 
by  impact  approximation  formulas  and  is  understandable  as 
a  smoothing  of  the  modulation  process.  However,  the  in¬ 
clusion  of  a  mean  collision  duration  is  not  the  last  hurdle  to 
the  development  of  an  adequate  theory,  as  may  be  seen 
from  an  appreciation  of  the  physics  of  the  collision  process 
as  well  as  from  comparisons  of  observation  with  prediction. 

The  problem  faced  in  understanding  atmospheric  spectra 
is  that  the  water  molecule,  the  prime  absorber,  undergoc's 
molecular  interactions  complicated  by  relatively  strong  at¬ 
tractive  forces  which  are  to  some  degree  not  spherically 
symmetric  due  to  the  shape  of  the  molec ul(>.  Attractive 
interactions  are  believed  to  be  responsible  for  the  observa¬ 
tion  of  increased  absorption  between  lines  when  temper¬ 
ature  decreases.  There  has  been  a  controversy  about  wfiethc'r 
this  absorption  signals  the  formation  of  dimers  or  should  f)e 
understood  as  monomer  line  wings  sensitive  to  the  attrac¬ 
tive  part  of  the  potential  energy  of  interaction  For  sim()ler 
molecules  (which  have  spherically  symmetric  shapes),  at)- 
sorption  caused  by  unbound,  metastable,  and  bound  pairs 
can  be  predicted  in  the  correct  (iroportions  at  a  given 
temperature  [22],  [23]  In  general  when  the  temperature  is 
low  by  comparison  with  the  binding  energy  of  molecular 
pairs,  dimers  are  numerous  and  play  an  important  role  in 
the  absorption  of  such  simple  molecules  Although  this 
condition  is  met  for  pairs  of  water  molecules  (the'  heat  of 
formation  is  believed  to  be  at  least  as  large'  as  0  12  c'V  as 
compared  with  k^T  =  0025  eV  [24]).  the  theory  of  the 
relative  importance  of  different  kinds  of  ()air  interactions 
has  not  been  exteneJed  as  yet  to  asymmetric  molc'c  ulc's 

Microwave  transitions  of  water  dimers  havr'  tieen  of)- 
served  in  molecular  beams  [25]  and  are  consistent  with  the' 
lowest  energy  structure  calculated  from  molc'c ular  orliital 
theory  (e  g  ,  [26])  However,  molecular  beams  provide-  what 
is  an  essentially  very  cold  molecular  c-nvironment,  and  an 
analysis  of  observed  room-temperature-  laboratory  spe-ctra 
shows  no  Fyand  structures  simply  re-lated  to  the-  known 
low  tc'mperature  form  of  the  dimer  [24]  If  dimc-rs  do  con¬ 
tribute  a  signific  ant  part  of  the  absorption  at  room  ti'm()C'r 
ature-,  it  would  a|)pi'ar  that  the--,  must  exist  in  many  -.true 
ture's  differi-rit  from  the  lowe-st  e-nergs  forn-i  While  the-ois 
cfoc's  not  yc't  [)rc'cfie  t  how  the  s()c'e  trum  of  the  dime-r  e-coke-s 
witli  incri-asing  te-mpi-raturi-,  one-  would  i-xpi-e  t  eonsuie-r 
afile-  change's  since-  cuirent  c  ale  cilations  |2('|  indicate'  that 
the-  nonsphe-ric  al  part  of  the  (lote-ntial  energs  function 
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which  defines  the  particular  configuration  of  lowest  energy, 
is  relatively  weak. 

In  the  complementary  arena  of  line  broadening  theory, 
some  progress  is  being  made  toward  the  inclusion  of  more 
aspects  of  the  intermolecular  protential  energy,  but  a  com¬ 
plete  inclusion  of  what  is  known  (26)  will  be  a  formidable 
undertaking.  Thus  a  satisfactory,  completely  theoretical  de¬ 
scription  of  water  vapor  absorption  is  not  presently  avail¬ 
able,  and  current  models  of  atmospheric  transmission  are 
empirical. 

B.  Observations 

There  are  several  fairly  recent  reviews  of  data  on  the 
transmission  of  clear  air  or  of  atmospheric  constituents 
measured  in  the  laboratory  [2],  [6],  [24],  [27].  Such  data  are 
not  easily  obtained  as  may  be  elaborated  briefly  by  the 
following  generalizations  concerning  the  various  methods 
used. 

1)  Spectra  can  be  obtained  with  Fourier  spectroscopy,  but 
available  black-body,  wide-band  sources  are  weak,  and 
require  liquid-helium-cooled  detectors  and  relatively  long 
integration  times  for  satisfactory  results.  Spectroscopy  per¬ 
formed  instead  with  multiple  or  tunable  narrow-band 
sources  sometimes  requires  tedious  tuning  operations,  but 
generally  offers  greater  accuracy  at  a  given  frequency 

2)  Laboratory  studies  have  the  advantage  of  better  control 
of  the  subject  constituents,  their  pressures  and  temper¬ 
atures,  but  the  disadvantage  of  limited  path  lengths  relative 
to  the  kilometer  size  links  important  in  applications  of  the 
band.  These  frontiers  have  been  pushed  back  through  ex¬ 
treme  care  in  fabrication  of  open-resonator  cells  [28]  and 
through  the  development  of  large,  untuned  resonator  cells 
[29], 

3)  In  direct  atmospheric  research  there  is  relatively  greater 
difficulty  in  specifying  the  atmospheric  conditions  and,  of 
course,  a  lack  of  control  of  these  conditions,  but  in  several 
on-going  researches,  a  greater  effort  on  characterization  is 
being  made.  There  are  also  difficulties  in  obtaining  an 
absolute  scale  of  transmission  or  absorption,  since  the 
atmosphere  cannot  be  "pumped  out"  in  order  to  obtain 
signals  from  the  same  experimental  apparatus  with  no 
atmospheric  absorption  and  thereby  to  make  allowance  for 
instrumental  losses  and  losses  due  to  beam  divergence 
Narrcjw-band  measurements  have  something  of  an  ad¬ 
vantage  in  that  the  beam  divergence  in  the  far  field  can  be 
calculated  and  experiments  involving  multiple  paths  can  be 
analyzed  in  such  a  way  that  instrumental  losses  are 
eliminated  [30]  Those  who  employ  Fourier  spectroscopv, 
and  many  who  use  narrow-band  sources,  must  settle  tor 
relative  transmission  measurements  from  which  the  change 
of  attenuation  for  a  given  change  in  humidity  or  tempera¬ 
ture  can  be  obtained.  When  the  database  is  large  enough, 
extrapolation  to  zero  water  vapor  is  possible  [31],  and  an 
absolute  scale  for  the  important  water  vapor  component 
can  be  established 

4)  Slant-path  radiometry  has  also  been  used  to  measure 
emission  and  absorption,  but  the  difficulty  of  knowing  the 
atmospheric  constituent  concentrations  and  temperatures 
over  the  path  complicates  the  interpretation  of  the  results 

Despite  the  diversity  of  methods,  a  consensus  is  forming 
on  data  of  sufficient  quality  and  consistency  [2],  (6),  [24],  [27] 
that  an  adequate  basis  exists  to  (onstrurt  empirical  models 
useful  over  a  fair  range  of  clear  air  conditions  in  the  atmo¬ 
sphere  The  spectrum  in  Fig  I  illustrates  su<  h  a  caUulatioo 


C  Anomalous  Attenuation  and  Recent  Work 

Several  significant  researches  have  been  reported  since 
the  reviews  mentioned  above  which  have  been  motivated 
by  another  controversy  involving  claims  for  the  existence  of 
anomalous  attenuation  ascribed  to  complexes  of  water  of 
various  sizes  [32]-[34].  The  conditions  under  which  this  is 
said  to  be  observable  are  ones  of  high  humidity  with  clear 
air  or  fog  present,  and  ones  of  low  temperatures  in  which 
relatively  weakly  bound  complexes  might  plausibly  be 
favored.  Consequently,  such  conditions  have  been  given 
more  attention  in  recent  work.  Examples  of  anomalous 
absorption  indications  are  given  by  a  narrow-band  labora¬ 
tory  study  in  a  special  untuned  cavity  at  frequencies  of 
115-126  and  213  GHz  [29],  [35]  and  a  Fourier  spectroscopic 
investigation  of  atmospheric  transmission  in  the  range 
150-870  GHz  [36]  Both  showed  increases  in  specific  at¬ 
tenuation  with  decreasing  temperature  (below  290  K)  which 
were  much  larger  than  expected  both  by  comparison  with 
previously  observed  temperature  dependences  in  higher 
temperature  ranges  and  by  consideration  of  the  tempera¬ 
ture  dependences  likely  to  be  associated  with  energy  levels 
in  the  water  molecule  and  expected  intermolecular  interac¬ 
tion  energies  Moreover,  the  absolute  attenuations  derived 
from  these  experiments  were  considerable  in  engineering 
terms;  namely,  in  the  range  5-20  dB/km  at  various  frequen¬ 
cies  between  about  210  and  300  GHz,  values  which  if 
correct  would  have  a  noticeable  impact  on  applications  of 
near-millimeter  waves.  A  number  of  results  have  appeared 
since  which  do  not  show  these  effects  and  raise  doubts 
concerning  their  validity. 

A  careful  laboratory  study  has  recently  appeared  of  at¬ 
tenuation  at  138  GHz  [28].  An  open  resonator  was  used  in 
which  care  was  taken  to  avoid  adsorbed  layers  of  water  on 
the  reflecting  surfaces  which  might  add  spurious  attenua¬ 
tion.  Results  were  obtained  for  temperatures  of  282  and  300 
K  and  for  various  mixtures  of  nitrogen  and  water  vapor  This 
has  been  used  to  determine  empiricai  corrections  to  model 
spectra  (see  below)  which  have  been  used  to  make  com¬ 
parisons  with  other  data  No  support  for  low-temperature 
or  high-humiditv  anomalies  was  found  and  agreement  with 
data  in  previously  mentioned  reviews  [2].  [bj.  [24],  [2']  is 
good  Reasonable  agreement  has  also  been  lound  (3’)  with 
new  results  at  I  10  GHz  [38],  [39]  in  whic  h  tec  hniques  were 
used  that  wc‘r<'  closely  similar  to  those  [29]  [35]  which 
previously  showed  anomalous  attenuation,  although  an  al- 
tc*rnate  analysis  [39]  still  finds  an  anomalous  low -tc'mpera- 
ture  effect  at  several  frequencies  between  29  9  and  110 
GHz,  its  contnfrution  to  total  absorption  is  not  large 

New  Soviet  studies  have'  rc'centiv  fieen  desc  ribed  [40],  [41] 
of  measurc'd  attenuation  in  the  frequency  range  180-420 
GHz  over  a  I  S  km  long  atmospheric  path  The  zero  of  the 
attenuation  scale  was  found  by  extrapolation  from  relative 
measurements  at  various  humidities,  a  method  that  yvas 
mentioned  earlier  Excellent  signal-to-noise  ratios  were  ob¬ 
tained,  and  no  indication  of  anomalous  temperature  depen¬ 
dences  or  unexpected  spectral  features  were  found  in  the 
tc'mpc'rature  range  263  to  282  K  Previous  work  try  these 
investigators  [42]  is  consistent  with  an  absence  c)f  scjc  h 
effects,  and  recent  Soviet  laboratory  results  also  sujjport 
these  conclusions  [41] 

Although  profjonents  of  the  existence  of  anomalous  atv 
sorption  caution  that  their  observations  may  ap()lv  to  occa¬ 
sional  nonequilitrrium  events  [32],  the  tide  ap()ears  to  fie 
running  toward  a  fielief  that  sue  li  conditions  are  c'ltfier 
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quite  rare  or  nonexistent.  Nevertheless,  recent  activity 
spurred  /  this  controversy  has  fostered  significant  im¬ 
provements  in  millimeter-wave  propagation  models  [281. 
[37],  and  further  benefits  can  be  anticipated 

D.  Empirical  Models  of  Clear- Air  Transmission 

There  have  been  major  efforts  to  develop  computer  mod¬ 
els  of  near-millimeter-wave  propagation  at  several  national 
labor.itories,  the  U  S.  Air  Force  Geophysics  Laboratory  [43], 

[44] ;  eg.,  the  US.  Army  Atmospheric  Sciences  Laboratory 

[45] ,  and  the  National  Telecommunications  and  Information 
Administration  f^g],  [37],  [46]-[481  All  hav('  been  extended 
to  include  effects  of  adverse  weather,  which  will  fie  consicf- 
ered  in  a  later  paper 

In  the  interest  of  computing  speed,  the  general  practice 
in  these  models  is  to  compute  the  summation  in  (1)  only 
for  lines  near  the  region  of  interi'st  and  to  add  to  this  a  ti'rm 
that  slowly  inc  reases  with  frequency  This  repri'sents  all  the 
contributions  due  to  the  wings  of  lines  at  otlier  frequencies 
and  due  to  other  possible  absorption  mechanisms  in  water 
vapor  whic  h  have  been  mentionecf  It  has  been  c  ustomary 
in  this  field  \o  reft'r  to  this  term  as  "continuum  absorption" 
although  this  is  not  entirely  consistent  with  previous  usage 
in  spectroscopy  Its  magnitude  has  been  determined  by 
fitting  to  observations  and  thus  compensates  for  the  limita¬ 
tions  which  exist  in  current  theory  In  early  empirical  mod¬ 
eling  efforts  [4d],  data  for  limited  conditions  of  barometric 
prr'ssure,  af)solute  humidity,  and  temperature  were  utilized 
in  th(‘  fit,  anci  thus  there'  was  inadequate  underpinning  to 
the'  assumptions  made  concerning  the  dependence  of  the 
magnitude  of  this  term  on  those  variables  In  particular, 
inadc'quate  attention  was  paid  to  the  effect  of  self-broad¬ 
ening  on  the  humidity  dependence  and  to  the  steepness  of 
the  temperature  dependc'ncc'  in  the  gaps  between  lines.  A 
rf'c  ent  formulation  of  the-  continuum  term  a,  (28),  (37J 
givc'n  by 

a,  -  (0  3h7eP,T  '  -s  4b05e-  T  '  )n  (2) 

IS  much  improyed  in  this  regard  and  is  illustrateci  in  tig  1 
tiv  tfie  ciashed  curve  Here,  the  water  vapor  (jartial  (KC'ssure 
e  IS  in  kPa  (  =  10  mbar),  the  ciry  air  pressure  is  m  kPa, 
frer|uenc  y  i/  is  m  CiHz,  ancj  the  c  ontinuum  at)sc)r()tic)ii  c  oc'f 
fic  lent  o,  IS  in  cJB/km  In  anoltier  arrproaett  a  continu¬ 
um  has  fjc'en  deriveii  from  the  wings  ot  an  empirically 
modifieij  line  shape  tliat  has  tieen  successfully  tilted  to  data 
in  parts  ot  the  millimeter-  and  near-millimeler  wave  regions 
as  well  as  to  tfie  infrared,  witfi  only  four  fitting  (larameters 
tiei ng  nc'c  essary  [4  L| 

( Omfrarisons  fretween  formulations  of  a,  sui  ti  as  in 
are  cjifficult  to  make  anci  assess  since  the  lines  included  in 
tfie  Ime-tiy-line  part  of  a  given  mociel  and  the  line  sitape 
formula  used  are  seldom  the  same  from  one  mociel  to  lire 
next  Ihc'sc'  choices  can  have  a  dramatic  effect  not  only  on 
the  magnitude  of  tfie  complementary  i  ontinuum  term  but 
also,  for  exam()l('  on  its  a()()arent  frer^uenc  y  clepencience 
Some  workers  show  a  continuum  yyitfi  a  simple  frequency 
cjc'pencjenc  c>  like  tfiat  in  I.')  and  others  a  continuum  with 
two  or  more  inflei  tion  (loinis  |.  |  |.’l|  [.'")  [-1'.]  the  .ip 
parent  temperature  de()eruieni  e  of  ffie  (onicnciurn  i-.  sirni 
larlv  af  fee  ted  Liy  the  lines  se  lei  lei  I  tor  ex  pin  it  nii  hision  in  .1 
model  calculation  and  may  vary  with  tr'iqueni  y  |,'Ij  In  the 
use  of  continuum  toimulas  it  0  1  im  i.il  to  lemember  lli.it 
this  so  c  ailed  lonimuum  e  not  ye|  a  sep.n.itili'  physn  ,il 


phenomenon  but  rather  an  artifice  which  is  added  in  to 
simplify  calculations  and  impreave  agreement  with  observa¬ 
tions.  Unnecessary  discrepancies  with  observations  can  re¬ 
sult  when  parts  of  a  model  are  obtained  from  different 
sources  and  happen  to  be  incompatible.  There  is  a  consid- 
eratale  need  tor  future  standardization  of  practice  to  avoid 
this  source  of  confusion  Further  work  is  underway  on 
comparisons  of  the  effectiveness  of  competing  current 
models  as  regards  agrc'ement  with  observations  In  the 
course'  of  thc'  present  revic'w,  it  was  noteci  that  the  recent 
Sovic't  rc'sults  [40],  [41]  mc'ntioneci  afiove  differ  from  (ireciic - 
lions  frasc'cj  on  the  model  in  [28],  |37)  by  (>lus  anci  minus  I  -  7 
dB/km  ciepenclmg  on  tlie  frertuency  or  conditions  studied 
(sc'C'  Note  Adcied  in  Proof  on  ()  58) 

Besides  the  advantages  of  computational  speed  from  re 
sine  ling  the  number  of  line's  that  are  calculated  ex()licitlv, 
improvements  have'  alsei  he'e'n  marie  in  the'  speed  with 
which  regions  near  line  ce'nters  can  tie  calculati'd  [431  Ihis 
has  facilitate'd  mode'ling  ot  ve'rtical  or  slant  paths  in  which 
many  layers  are*  included  in  the  calculation,  some'  of  which 
are  at  low  pressures  and  conseque'ritly  have  vi'ry  narrow 
line's.  Fig  2  IS  an  example  of  such  a  calculation  for  a 
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Fig.  2.  TfdnsfUi’sSiOfT  F)l  ,i  v^•ftl(<^l  ()c»lii  thu  U  s 
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absorption  sprHtrunv  ()rovidc(i  ttiat  tlx  rc  i''  an  aiicnuali' 
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P  received  from  the  atmospi.  -e  by  o  radiometer  at 
frequency  »  by  (51) 

p('’)  “  ’  (3) 

where  dv  is  the  receiver  bandwidth  and  A  and  Q  are  the 
effective  receiver  areas  and  beam  solid  angles,  respectively 
If  the  atmosphere  could  be  represented  by  one  homoge¬ 
neous  slab  of  air,  Tg  would  be  given  by 

Ts  -  W  -  t)+  l(p)t  (4) 

where  t  is  the  transmission  through  the  slab,  Tj  is  the  air 
temperature,  and  the  last  term  is  due  to  the  cosmic  back¬ 
ground  and  is  small. 

In  (4)  it  is  assumed  that  the  atmosphere  is  in  thermody¬ 
namic  equilibrium,  and  thus  its  thermal  emissivity,  by 
Kirchhoff's  law,  is  equal  to  its  fractional  absorption  (1  -  /). 
Gradients  with  height  of  both  temperature  and  molecular 
concentration  are  modeled  by  approximating  the  integral 
relationship 

Tg(y)~rUi)K(v,z)d2+l(^)t  (5) 

■'o 

by  a  summation  over  thin  spherical  shells  in  the  atmosphere 
which  are  taken  to  have  uniform  conditions.  Here  K(v,z)  is 
a  weighting  function  which  determines  the  contribution  of 
the  air  temperature  at  altitude  z  to  the  sky  brightness 
temp>erature  and  is  given  by 

K(y.z)-.f^t(0.z)  (fe) 

where 

/(0,7)  -  10  (7) 

if  a  is  expressed  in  dB/km. 

When  one  wishes  to  determine  the  transmission  of  the 
atmosphere  over  vertical  or  slant  paths,  one  can  in  principle 
point  a  radiometer  at  a  source  of  radiation  outside  the 
atmosphere,  such  as  the  sun,  and  correct  the  received  signal 
for  what  is  known  of  the  source  radiance  and  the  antenna 
coupling  efficiency  (both  functions  of  frequency)  In  prac¬ 
tice,  these  corrections  are  difficult  and  some  simplifications 
may  be  realized  if,  instead,  emission  from  the  atmosphere  is 
measured  and  the  corresponding  transmission  is  inferred 
[52|  If  the  distribution  of  atmospheric  temperature  with 
height  IS  known,  from  radiosonde  observations  for  example, 
measured  spectra  of  Tg  can  be  inverted  through  (5)-(7)  to 
find  the  transmission  of  the  path.  If  the  water  vapor  distri¬ 
bution  IS  also  known  or  can  be  estimated,  a  mean  radiating 
temperature  can  be  assigned  by  a  Curtis-Codson-type  ap¬ 
proximation  (50),  (53)  Then  (4)  can  be  used  to  obtain  a 
simple  approximate  inversion  to  transmission  An  example 
of  data  inverted  by  this  means  [52)  is  shown  in  Fig.  3  and 
compared  with  a  calculation  based  on  a  recent  empirical 
model  (43) 

This  and  other  recent  comparisons  [37],  [54],  [55]  between 
models  and  slant-path  observations  have  shown  reasonable 
agreement  The  significance  of  these  compariserns  is  tem¬ 
pered,  however,  by  the  scant  amcjunt  of  data  available 
concerning  the  humidity  and  temperature  profiles  over  the 
paths  stucfied  Some  workers  have  attempted  to  derive 
continuum  expressions  for  use  in  empirical  models  on  the 
basis  of  slant-path  emission  observations  [52]  Although 
these  do  not  greatly  differ  in  predicted  absorption  from  the 
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fig.  3.  Slant-path  transmission  inferred  from  emission  mea¬ 
surements  (52)  (dots)  and  compared  with  a  model  calcula¬ 
tion  of  transmission  [43].  Slant  secant  =  1  09,  integrated  water 
vapor  column  density,  derived  from  radiosonde  data  -  9  1 
mm  precipitable  After  [43] 

models  referenced  in  the  previous  section,  they  should 
probably  be  given  less  weight  of  confidence  than  models 
based  on  laboratory  or  horizontal-path  measurements  where 
the  atmospheric  conditions  can  be  better  specified. 

There  is  interest,  of  course,  in  levels  of  atmospheric 
emission  for  their  own  sake  as  they  impact  astronomical 
observations  [52],  [54],  [55],  communications  [6],  [56],  and 
radiometric  surveillance. 

B.  Refraction 

In  the  near-millimeter-wave  range,  atmospheric  refractiv- 
ity  can  be  described  as  a  sum  of  a  constant  term  N^, 
derived  from  a  sum  of  contributions  by  lines  at  all  frequen¬ 
cies,  and  a  dispersion  term  N^,  due  to  the  water  and 
oxygen  lines  in  the  region 

N-No+N^.  (8) 

(Note:  refractivity  is  equal  to  the  refractive  index  minus  one 
and  is  usually  expressed  in  parts  per  million  of  unity,  ppm, 
equivalent  to  the  term  /V-units  which  is  frequently  seen.)  In 
common  with  the  radio-frequency  and  microwave  regions 
of  the  spectrum,  the  nondispersive  term  used  in  near-milli- 
meter-wave  models  [57] 

N-  K,(PyT)Z:'  +  K,{e/T)Z-J  +  K,(e/T^)Zj  (9) 

depends  strongly  on  the  amount  of  water  vapor  present  i.i 
the  atmosphere  (expressed  here  as  the  partial  pressure  e) 
This  differs  from  the  case  in  the  visible  or  near-infrared 
parts  of  the  spectrum,  where  the  nondispersive  refractivity 
depends  almost  entirely  on  barometric  pressure  (equal  to  e 
plus  the  partial  pressure  of  dry  air  P^)  and  temperature  T 
Equation  (9)  is  not  an  exact  theoretical  form  but,  with 
A,  =  7  760  K/kPa,  ~  7.15  K/kPa,  and  A,  =  3.750  x  10' 
K’/kPa,  one  which  fits  [57],  [58]  observations  well.  The 
factors  Zj  and  are  nearly  equal  to  unity  [58],  [59]  and 
correct  for  the  nonideal  gas  relation  between  density  and 
pressure.  It  is  interesting  that  a  small  but  statistically  signifi¬ 
cant  discrepancy  has  been  found  [57]  between  the  above 
values  of  A,  and  Aj  and  those  which  best  fit  theoretical 
refractivity  calculated  from  tables  of  line  parameters  It  has 
been  suggested  [57]  that  this  indicates  either  an  error  in 
values  of  the  strength  of  certain  key  lines  in  the  water  vapor 
pure  rotation  band  or  an  effect  of  association  by  water 
molecules 

The  dispersive  term  is  calculated  [37],  [46],  [47],  [60],  [61] 
as  a  summation  over  lines,  similar  to  (1),  but  with  a  line 
shape  (lenved  from  /  by  application  of  the  Kramers-Kronig 
relaii'Mi  A  typical  value  of  Nq  is  350  ppm,  and  by  compan- 
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Hg.  4.  The  dispersive  part  of  the  atmosphere's  refractivity 
calculated  with  the  same  model  and  conditions  as  in  Fig  1 
For  these  conditions  the  total  refractivity  at  0  Hz  is  350  ppm. 

son,  the  dispersive  term  illustrated  in  Fig.  4  is  important 
only  in  the  vicinity  of  the  strong  lines,  such  as  those  at  557, 
752,  and  988  GHz,  Observations  of  dispersion  in  the  near¬ 
millimeter  range  are  thus  far  available  only  at  low  resolu¬ 
tion  from  dispersive  Fourier  transform  sptectroscopy  [62], 
but  no  significant  discrepancies  with  models  have  been 
identified. 

The  practical  effects  of  clear-air  refractivity  are  to  pro¬ 
duce  phenomena  which  may  be  grouped  into  ones  result¬ 
ing  from  large-scale  structures  in  the  atmosphere,  such  as 
diurnal  and  weather  changes,  overall  temperature  and  water 
vapKJr  gradients  or  inversions,  tidal  effects,  and  the  like,  and 
those  involving  small-scale  structures  such  as  those  pro¬ 
duced  by  turbulence.  The  former  will  produce  varying 
propagation  delays,  beam  bending,  beam  ducting,  multi- 
path  interference,  etc.  Except  in  the  immediate  vicinity  of 
strong  water  vapor  lines,  as  mentioned  above,  these  effects 
should  be  closely  similar  to  those  found  in  the  microwave 
region,  since  the  refractivities  in  the  two  regions  are  very 
nearly  equal  and  the  sizes  of  the  atmospheric  structures  are 
large  compared  with  the  wavelength  in  both  cases.  One 
distinction  may,  however,  be  found  for  multipath-type  ef¬ 
fects  near  the  ground  where  reflected  signals  off  the  ground 
may  contribute  to  a  propagated  wave  In  this  case,  the 
ground  effects  will  differ  at  near-millimeter-wave  frequen¬ 
cies  from  those  at  lower  frequencies  due  to  significantly 
different  scattering  propierties.  Little  experimental  attention 
has  thus  far  been  given  to  these  large-scale  phenomena  in 
near-millimeter-wave  propagation.  Studies  are  being  made 
of  the  effects  of  small-scale  phenomena,  however,  as  de¬ 
scribed  in  the  following  sections. 

IV.  Turbuifnce 

When  the  wind  carries  inhomogeneities  in  the  atmo¬ 
sphere  through  a  propagation  path,  fluctuations  in  several 
properties  of  the  propagation  result.  In  clear  air,  turbulence 
is  the  cause  of  inhomogeneities  in  both  the  refractive  index 
and  the  absorption  coefficient  of  the  air.  The  refractive 
variations  explain  the  familiar  visible  phenomena  of  star 
twinkling  and  the  shimmering  of  distant  images  on  a  hori¬ 
zon  on  a  hot  day  Many  aspiects  of  the  effects  at  visible  and 
near-infrared  wavelengths  have  been  explored,  after  semi¬ 
nal  theoretical  work  by  Rytov  [63],  Chernov  (64),  and 
Tatarski  [65],  and  detailed  reviews  are  available  [5],  [66],  [67] 


Significant  work  has  also  been  done  in  the  microwave 
region  (e.g.,  [68]),  but  millimeter-wave  or  near-millimeter- 
wave  studies  have  only  recently  been  given  prominent 
attention.  The  possible  propagation  effects  which  may  be 
catalogued  are  fluctuations  in  received  intensity,  angle  of 
arrival,  propagation  delay,  frequency,  and  polarization,  of 
which  the  first  three  may  be  expected  to  be  significant  at 
near-millimeter  wavelengths.  In  image  formation,  the  phe¬ 
nomena  can  be  manifested  as  scintillation,  image  dancing, 
and  image  blooming,  of  which  the  first  two  are  important  at 
such  wavelengths. 

As  pointed  out  in  [3],  turbulence  effects  have  sometimes 
been  discounted  for  near-millimeter  waves,  since  scattering 
by  turbulent  eddies  is  a  diffractive  effect,  which  naturally  is 
stronger  at  shorter  wavelengths.  This  is  demonstrated  by 
the  following  expression  for  the  expected  log-intensity  vari¬ 
ance  of  a  received  signal  [60]: 

in  which  k  is  the  wavenumber  2ir/\,  L  is  the  propagation 
path  length,  is  the  size  of  the  largest  turbulence  eddies, 
and  is  the  refractive  index  structure  parameter,  a  mea¬ 
sure  of  the  spatial  variance  of  refractive  index.  The  reason 
that  turbulence  effects  cannot  be  neglected  in  the  near-mil¬ 
limeter-wave  picture  is  the  significant  contribution  by  water 
vapor  to  the  refractive  index  that  distinguishes  this  regime 
from  shorter  wavelength  regions,  as  mentioned  earlier,  and 
the  fact  that  water  vapor  inhomogeneities  in  the  atmo¬ 
sphere  can  be  large.  Fluctuating  signal  strength  is  not  the 
only  propagation  issue  of  interest  Since  at  these  wave¬ 
lengths,  high-precision  tracking  and  adequate  image  forma¬ 
tion  systems  may  be  constructed  with  antennas  of  mod¬ 
erate  size,  it  is  particularly  of  interest  to  know  whether 
fluctuations  in  angle  of  arrival  may  show  up  as  significant 
(69) 

The  near-millimeter-wavelength  regime  is  of  consider¬ 
able  interest  for  a  number  of  other  reasons.  Some  con¬ 
troversy  has  arisen  over  the  interpretation  of  observations 
near  the  center  of  water  vapor  lines  of  moderate  strength 
where  the  refractive  index  must  be  treated  as  complex,  as 
will  be  discussed  further  in  later  sections.  Such  frequencies 
are  of  practical  interest  as  possible  choices  for  controlled- 
range  communication  links.  Another  distinction  from  shorter 
wavelengths  is  that  near-millimeter  wavelengths  are  no 
longer  much  smaller  than  turbulent  eddies,  but  rather  are 
comparable  with  the  smallest  ones.  This  so-called  inner 
scale  of  turbulence  is  of  the  order  of  a  few  millimeters. 
On  the  other  hand,  it  is  possible  to  construct  antennas  or 
antenna  arrays  which  are  as  large  as  the  largest  eddies,  or 
the  outer  scale  of  turbulence  f„,  which  ranges  from  a  meter 
to  a  few  meters  in  size  for  propagation  near  the  ground, 
and  possible  to  have  propagation  ranges  for  which  the 
Fresnel  zone  of  size  AT  is  also  comparable  with  f„  This 
has  given  investigators  an  opportunity  for  interesting  tests 
and  extensions  of  theoretical  models. 

A.  Theory 

If  one  may  assume  that  turbulent  eddies  are  distributed 
in  the  neighborhood  of  a  propagation  path  in  a  homoge¬ 
neous  and  isotropic  fashion,  the  Kolmogorov  model  [66]  of 
the  eddy  spectrum  says  that  the  refractive  index  spatial 


variance  is  proportional  to  the  two-thirds  ptower  of  the 
separation  of  two  measurement  points  Ar  when  Ar  is 
between  4p  and  i.e., 

<Ar7^)  -  C^Ar^/’.  (11) 

The  brackets  denote  ensemble  averages  which  can  usually 
be  replaced  by  time  averages  (according  to  an  ergodic 
hyprothesis).  The  constant  of  proportionality  C^,  which  also 
appeared  in  (10),  is  the  key  refractive  index  structure  param¬ 
eter  relating  the  turbulence  structure  to  the  resulting  opti¬ 
cal  effects.  In  general,  the  index  of  refraction  must  be 
considered  to  be  complex,  and  strictly,  terms  should  be 
added  to  (10)  for  the  contributions  of  the  variance  of  the 
real  and  imaginary  parts  and  for  the  covariance  of  these 
components.  The  terms  involving  the  imaginary  part  are 
due  to  spatial  variations  in  absorption,  and  it  has  been 
estimated  that,  except  in  special  circumstances,  the  contri¬ 
bution  of  absorption  to  fluctuations  will  be  difficult  to 
observe  in  the  near-millimeter-wavelength  range  (60),  (61 J. 
The  discussion  will  return  later  to  this  topic,  but  for  the 
time  being  can  be  simplified  by  ignoring  the  terms  involv¬ 
ing  the  imaginary  part  of  the  refractive  index. 

Since  both  air  density  and  water  vaptor  concentration 
affect  the  refractive  index,  the  structure  parameter  Cf,  can 
be  expressed  in  terms  of  analogous  structure  parameters  for 
temperature,  humidity,  and  barometric  pressure  Pressure 
variations  can  generally  be  neglected  [60],  and  given 

by 

"  '(ry  'Upy  ’  ''<r)(Q)  ^  ^ 

where  the  A  coefficients  have  been  calculated  from  the 
refractive  index  spectrum  [60],  (61)  and  Q  denotes  water 
vapor  concentration  Frequently,  the  earth's  surface 
evaporates  or  transpires  a  considerable  amount  of  water 
vapor  In  these  instances,  the  humidity  fluctuations  in  the 
boundary  layer  are  considerably  larger  in  relative  terms  than 
the  temperature  fluctuations  (60),  (70|,  say 
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and  humidity  variance  dominates  the  refractive  index  struc¬ 
ture  This  can  result  in  values  of  the  near-millimeter  wave 
C;,  which  are  larger  by  an  order  of  magnitude  or  more  than 
ones  in  the  infrared,  which  are  mainly  sensitive  to  tempera¬ 
ture  structure. 

That  this  is  not  always  the  case  may  be  seen  from  the 
following  considerations.  The  last  term  in  (12)  is  propor¬ 
tional  to  the  covariance  of  temperature  and  humidity,  C,q 
=•  (ATAQ)/Ar'’^’,  which  can  generally  be  approximated  for 
the  boundary  layer  by  [60] 


(0<Q) 
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The  positive  sign  is  usually  found  during  the  day  and  the 
negative  sign  during  the  night,  due  to  a  change  in  the 
direction  of  the  temperature  gradient  near  the  ground. 
Since  A,  is  negative  (i.e,  refractive  index  decreases  with 
increasing  temperature),  the  last  term  in  (12)  acts  to  reduce 
the  near-millimeter-wave  refractive  index  structure.  Under 
some  dry  conditions,  it  can  substantially  cancel  the  contri¬ 
bution  of  the  other  two  terms  (71)  and  result  in  a  situation 
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for  which  the  value  of  is  smaller  in  the  near-millimeter 
region  than  in  the  near  infrared. 

A  formulation  was  given  earlier  in  (10)  for  the  expected 
level  of  intensity  fluctuations  that  applies  (60)  when  1)  the 
wavefronts  are  spherical,  2)  the  transmitting  and  receiving 
antennas  are  small  relative  to  a  Fresnel  zone  AT,  and  in 
turn,  3)  the  Fresnel  zone  is  small  compared  with  the  outer 
scale  Lg.  The  corresponding  expression  for  angle  of  arrival 
variance  is  [64] 

oi -0.54(0-’/’  (14) 

where  p  may  be  interpreted  as  the  spacing  of  small  anten¬ 
nas  (or  the  width  of  a  large  antenna)  used  in  measuring  the 
angle.  Since  with  two  or  more  antennas  in  an  array,  one 
actually  measures  the  phase  difference  variance,  known  as 
the  phase  structure  function  D^,  an  alternate  description  is 

~  {^<y)  (15) 

where,  in  both  (14)  and  (15),  the  dependence  on  p  holds 
when  AT  <  p  <  Lg  [72].  At  larger  antenna  spacings,  one 
can  sense  the  outer  scale  by  a  drop-off  in  the  slope  of 
with  p.  A  transverse  coherence  length  p^  is  sometimes  used 
which  is  the  value  of  p  for  which  =  2rad^.  Since  in  the 
near-millimeter-wave  range  antennas  are  usually  smaller 
than  or  comparable  with  pg,  the  main  source  of  image 
degradation  expected  from  turbulence  is  from  image  danc¬ 
ing  rather  than  image  blooming. 

In  early  derivations  of  expressions  such  as  (10),  (14),  and 
(15),  it  was  assumed  that  scattering  by  eddies  was  weak 
(i.e.,  that  scattering  angles  were  small)  and  to  reinforce  this 
assumption,  it  was  additionally  assumed  that  ■*:  4’’,  or 
more  simply,  that  X  •«  4.  Whereas  these  inequalities  are 
readily  satisfied  at  visual  wavelengths,  they  are  not  so  in  the 
near-millimeter  range,  where  X  -  It  is  reasonable  to  ask 
whether  small  eddies  are  able  to  sustain  significant  reso¬ 
nant  scattering  in  this  regime,  similar  to  that  familiar  in  Mie 
scattering  from  rain  drops.  However,  recent  work  [73]-[75] 
has  shown  that  the  formulas  derived  under  the  assumption 
of  weak  scattering  are  still  a  good  approximation  when 
X  >  iCq  provided  that  X  <  p^  or 

An  important  dimension  underlying  the  phenomena  dis¬ 
cussed  thus  far  is  the  spatial  spectrum  of  turbulent  eddies 
and  the  resulting  time  spectra  of  modulations  in  propa¬ 
gation.  Between  the  inner  and  outer  scales  of  turbulence, 
the  Kolmogorov  model  gives  [67] 

4>„(«)  -  0  033C'x”/’  (16) 

for  the  spectrum  of  refractive  index  as  a  function  of  spatial 
wavenumber  k.  For  smaller  scales  (larger  wavenumbers  than 
2w/^q),  refractive  index  variations  are  small  and  a  Gaussian 
tail  can  be  added  to  (16)  [65],  [67];  for  larger  scales  (smaller 
wavenumbers  than  2r?/(„),  turbulent  phenomena  merge 
with  the  large-scale  variations  in  the  atmosphere  that  were 
enumerated  in  Section  lll-B  and  are  ill-defined  in  form  In 
general,  the  variations  in  refractive  index  continue  to  in¬ 
crease  in  size  as  the  wavenumber  decreases  below  x  = 
2rr/Lg  but  with  some  decrease  in  slope  until  some  consid¬ 
erably  smaller  wavenumber  is  reached 

When  a  transverse  wind  carries  the  turbulence  structure 
through  a  propagation  path,  the  spatial  spectrum  helps  to 
determine  the  resulting  modulation  spectrum  for  propagat¬ 
ing  electromagnetic  waves  An  approximation  that  is  fre¬ 
quently  invoked  is  that  turbulent  eddies  are  'frozen  in". 


i.e.,  last  for  times  which  are  long  by  comparison  with  the 
time  taken  to  cross  the  path.  Not  all  eddies  are  equally 
effective  in  creating  modulation,  and  so  fluctuation  spectra 
measured  in  a  propagation  experiment  do  not  closely  paral¬ 
lel  (16).  For  instance,  eddies  approximately  equal  in  size  to 
the  Fresnel  zone  are  particularly  effective  in  producing 
intensity  fluctuations,  and  the  resulting  spectrum  of  such 
fluctuations  does  not  fall  off  rapidly  with  increasing 
frequency  (until  f>  -  v'(2irAi)  [76],  as  illustrated  in 
Fig.  5(a),  where  v  is  the  cross  wind  speed.  For  fluctuations 
in  the  phase  difference  between  two  receivers  separated  by 
p,  eddies  of  a  scale  similar  to  p  are  particularly  effective, 
and  the  fluctuation  spectrum  has  the  form  illustrated  in  Fig. 
5(b).  In  contrast,  the  total  phase  in  a  link  fluctuates  slowly 
with  a  spectrum  dominated  by  the  largest  scales  in  turbu¬ 
lence  and  by  the  other  large-scale  phenomena  which  have 
been  mentioned.  For  this  reason,  it  is  not  meaningful  to 
give  an  expression  analogous  to  (15)  for  the  overall  phase 
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Fig.  5.  Theoretical  form  of  fluctuation  spectra  for  the  prop¬ 
agation  of  spherical  electromagnetic  waves  [76]  (a)  Log- 
intensity  spectral  density  normalized  by  multiplying  by  the 
fat  tor  ()/0|n,  Frequency  scale  normalized  by  dividing  the 
fluctuation  frequency  f  by  Iq  =  v(2ir\L)  where  i  = 
cross  wind  soeed  The  dashed  line  shows  expected  low- 
frequency  behavior  when  absorption  adds  significant 
fluctuations  The  exact  frequency  where  it  joins  the  solid  line 
will  depend  on  relative  importance  of  absorption  and  refrac¬ 
tion  (81 1  (b)  Phase  difference  spectral  density  normalized  bv 
dtvid  ng  by  the  phase  structure  function  Frequencv  scale 
normalized  by  dividing  the  fluctuation  frequency  <  by  v/p. 
where  p  is  the  spacing  of  the  points  with  different  phase  (c ) 
fotal  phase  fluctuation  spectral  density  normalized  by  multi 
plying  by  the  factor  The  fluctuation  frequencv  scale 

IS  normalized  as  in  (a) 
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variance  [67].  In  summary,  for  Fresnel  zones  which  are 
typically  one  to  a  few  meters  in  size  and  for  receiver 
antennas  or  arrays  of  the  order  of  one  to  a  few  meters  in 
size,  the  important  fluctuation  frequencies  are  expected  to 
be  in  the  low  part  of  the  audio  spectrum  in  clear  air 
turbulence. 


B.  Observations 


The  preponderance  of  experimental  efforts  have  thus  far 
been  directed  at  intensity  fluctuation  effects  as  these  re¬ 
quire  less  apparatus.  The  frequency  dependence  [70],  [77] 
and  path  length  dependence  [70]  in  (10)  have  been  verified 
by  simultaneous  observations  at  multiple  frequencies  in 
ranges  covering  36  to  230  GHz  and  over  paths  of  different 
lengths.  Expected  changes  when  the  outer  scale  happens 
to  become  smaller  than  a  Fresnel  zone  have  also  been 
observed  [77].  Less  attention  heretofore  has  been  given  to 
verification  of  the  refractive  index  factor  in  (10)  due  to  the 
requirement  for  a  considerable  investment  in  micro- 
meteorological  instrumentation  to  enable  predictions  of 
to  be  made.  This  need  was  perceived  in  recent  years  [69] 
and  several  significant  efforts  are  now  underway.  A  com¬ 
parison  of  observed  microwave  values  of  with  ones 
calculated  from  measured  values  of  Cq,  C\,  and  Cjq  has 
shown  reasonable  agreement  [71].  Observations  have  re¬ 
cently  been  obtained  for  near-millimeter-wave  intensity 
fluctuations  (in  the  range  116  to  173  GHz)  as  well  as  for 
detailed  micrometeorological  parameters  [70],  [78],  and  a 
direct  test  of  (10)  will  thus  be  possible. 

Observations  of  the  spectrum  of  intensity  scintillation 
have  also  netted  interesting  results.  The  general  form  of  Fig. 
5(a)  has  been  confirmed  [79],  including  the  expected  falloff 
with  fluctuation  frequency  to  the  -8/3  power  at  high 
frequencies  [76]  Studies  in  the  neighborhood  [80],  [81]  of 
the  oxygen  absorption  band  near  55  GHz,  somewhat  below 
the  near-millimeter  range,  have  demonstrated  that  inho¬ 
mogeneities  in  absorption  in  the  atmosphere  produce  an 
expected  increase  [81]-[83]  in  fluctuations  at  low  fluctua¬ 
tion  frequencies,  above  those  due  only  to  the  real  part  of 
the  refractive  index,  as  sketched  by  the  dashed  line  m  Fig 
5(a).  One  would  expect  similar  effects  to  be  observed  near 
significant  water  vapor  absorption  lines  in  the  near-millime¬ 
ter-wave  region. 

Observations  have  been  reported,  however,  of  effects 
which  have  the  opposite  sense;  namely,  striking  decreases 
(by  a  factor  of  five)  in  the  relative  intensity  fluctuation 
levels  in  the  center  of  a  moderately  strong  water  vapor  line 
near  325  GHz  [84],  [85],  as  compared  with  nearby  regions 
between  lines.  Attempts  at  theoretical  treatments  [85],  [86], 
have  taken  account  of  the  fact  that  propagation  paths  have 
to  be  much  shorter  in  such  instances  due  to  the  high  level 
of  absorption  (30  dB  or  more)  and  thus  refractive  sc  attering 
can  become  relatively  more  important  than  diffrattivi' 
scattering  Although  it  has  been  shown  that  in  (rarticulai 
circumstances,  a  decrease  in  fluctuations  can  occur,  present 
theories  predict  much  smaller  cfecreases  than  those  oh 
serveef  [85],  [86]  A  small  departure  has  also  bc'c'n  leporti'd 
[87]  from  the  usually  expectc'd  log-normal  distribution  of 
intensity  for  a  region  of  high  absorption  in  the  millimc'tc'i 
wave>  spectrum.  There  is  an  opportunity  here  for  furfht'r 
work  to  consolidate  the  pic  ture  cif  (rhenomena  that  ac  c  om 
pany  high  absorption,  which  are  of  n,ore  than  acadr-rnic 
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interest  due  to  potential  applications  in  the  communica¬ 
tions  field,  for  example  In  further  investigations,  it  would 
be  advisable  to  eliminate  some  of  the  existing  uncertainty 
through  observations  supported  by  detailed  micrometeorol- 
ogy  of  the  temperature  and  humidity  structure 

Relatively  little  attention  has  been  given  until  recently  to 
the  important  topic  of  angle  of  arrival  or  phase  difference 
fluctuations.  Apart  from  measurements  conducted  at  micro- 
wave  frequencies  [68],  there  were  some  observations  near 
150  GHz  based  on  the  use  of  a  receiver  which  switches 
between  two  apertures,  which  showed  angle  of  arrival 
fluctuations  with  a  standard  deviation  of  about  100  /irad 
[88],  The  present  authors,  with  collaborators  from  the  Na¬ 
tional  Oceanic  and  Atmospheric  Administration  and  the 
U  S.  Army  Atmospheric  Sciences  Laboratory,  have  been 
engaged  in  a  new  study  in  the  frequency  range  116  to  173 
GHz  that  covers  both  intensity  and  angle  of  arrival  effects 
[78]  It  is  being  conducted  over  extremely  flat  and  uniform 
ground  cover  to  eliminate  as  many  complications  as  possi¬ 
ble  to  the  turbulent  structure  Simultaneous  measurements 
of  the  micrometeorological  parameters  that  characterize 
humidity  and  temperature  structure  are  being  made  along 
with  observations  of  standard  meteorological  parameters 
Near-  and  mid-infrared  scintillations  are  also  recorded. 
Measurements  have  been  conducted  in  a  wide  range  of 
weather  conditions  throughout  one  year,  but  are  at  the 
time  of  writing  in  only  a  very  preliminary  state  of  reduction 
The  angle  of  arrival  measurements  are  derived  from  a  10- 
m-wide  by  1.5-m-high  interferomefric  receiver  array,  and  an 
example  of  results  typical  of  summer  daytime  conditions 
dominated  by  humidity  fluctuations  is  given  in  Fig  6  as  a 
function  of  horizontal  receiver  spacing.  The  Kolmogorov 
5/3  pcjwer  law  (15)  is  shown  for  comparison,  and  one  can 
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see  clearly  the  exfjected  departure  at  larger  spacings  due  to 
the  effects  of  the  finite  size  of  the  outer  scale  of  turbulence 
[721 

In  the  longer  term,  such  studies  will  be  useful  in  af¬ 
fording  the  opportunity  for  detailed  comparisons  with  the¬ 
ory,  but  for  the  present  they  have  also  provided  useful 
orientations  concerning  the  qualitative  importance  of  vari¬ 
ous  types  of  weather  in  producing  degradation  in  propa¬ 
gation  due  to  turbulence  (or  turbidity  from  suspended  or 
falling  hydrometeorifes)  Summertime  conditions  when 
transpiration  or  evaporation  of  humidity  are  strong  have 
provided  the  largest  fluctuations  yet  seen  Over  a  path  of 
about  14  km,  intensity  fluctuations  up  to  40  percent  peak- 
to-peak  and  angle  of  arrival  fluctuations  of  a  few  hundred 
microradians  have  been  observed  At  the  other  end  of  the 
spectrum  have  been  fog  conditions  in  stationary  air,  for 
which  fluctuation  levels  have  been  about  thirty  times  lower 
[78].  Generally,  precipitation  events  have  provided  inter¬ 
mediate  levels  of  fluctuations  This  may  at  first  seem  surpris¬ 
ing  since  during  a  rain  storm,  foi  example,  there  is  plenty  of 
available  humidity  and,  in  addition,  fluctuations  from 
scattering  by  rain  Offsetting  those  influences  whirh  in¬ 
crease  the  effect  of  turbulence,  is  a  typical  decrease  due  to 
cloud  cover  and  the  removal  of  strong  heating  at  the 
ground  Even  so,  of  the  factors  which  increase  the  fluctua 
tions  during  a  storm,  preliminary  indicaticjns  appear  to  rank 
the  humidity  effects  as  being  the  most  important  [78;,  pretty 
much  in  line  with  expectation  [89]  This  stresses  the  impor¬ 
tance  of  the  study  of  turbulence  not  only  in  clear  air  but 
also  as  It  is  superimposed  on  adverse  weather 

The  discussion  of  turbulence  effects  in  this  review  has 
been  confined  essentially  to  horizontal  paths  fairly  near  the 
ground  where  the  atmospheric  conditions  can  be  reason¬ 
ably  uniform  and  readily  characterized  by  in  situ  measure¬ 
ments.  Little  attention  has  been  given  to  turbulence  effects 
on  near-millimeter-wave  propagation  over  slant  paths.  One 
might  argue  that  slant-path  effects  will  be  smaller  in  most 
regards  due  to  shorter  interactions  with  the  layers  nearest 
the  ground  where  the  refractive  index  structure  constant  is 
expected  to  be  highest  The  foregoing  discussion  has  also 
been  restricted  to  spherical  wavefronts  as  these  are  often 
C’ncountered  in  practice,  t-fowever,  models  for  plari(>-wave 
and  beam-wave  cases  also  are  available  (e  g  ,  [67],  [76],  [90]) 


CONC  ll/tJINC,  RfMARKS 


An  understanding  of  the  effects  of  the  clear  atmospiiere 
on  near-millimeter-wave  propagation  is  fundamental  to  a 
wider  understanding  of  effects  in  all  types  of  weatfu  i  A 
few  of  the  salient  needs  for  further  work,  whii  h  vsere 
discusseef  in  the  preceding  section'-,  will  be  outlined  hen' 

I)  Pri'sent  modi'Is  of  nonrr'sonanl  afrsorption  f'\  water 
va()or,  the  so  callc'd  continuum  between  thr'  lines  an'  nm 
pineal  A  firi'akthrough  to  an  a  prion  description  cd  the  role 
of  the'  inole'c  uiar  attractive'  forces  of  water  in  lollision 
tiioadi'ning  of  afisorption  line’s  and  in  dimei  tnmiation 
would  til'  of  maieer  c  onsi-queni  e  It  would  provide  a  I'ettei 
unejerstanding  of  hvdioge'n  fiondmg  for  a  kev  nuili  i  uh  ,is 
wi'll  as  fie'tte'e  piecfic  tions  of  atmospfn-iK  afisoipt'oe,  .i 
function  of  fe'cnfieiatuce 

.’)  [vt'ci  within  I'mpincal  afifiioai  lies  to  (iiedn  tioes  ot 
almospf'erie  afisorption  there  is  room  tor  irnproci  -it 
Muc  li  nc'i'dless  c  onf usion  .irises  b\  ,i  lai  k  ot  st.ind.n di /  i'  on 
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over  the  definition  of  what  rwarby  lines  to  include  in 
explicit  line-by-line  calculations.  There  is  little  on  which  to 
base  a  choice,  but  the  procedure  used  by  the  investigators 
at  the  U.S.  Air  Force  Ceophysic  Laboratory  [43]  has  the 
advantage  that  it  is  useable  over  a  wide  spectral  range.  An 
effort  to  bring  about  standardization  and  a  consolidation  of 
present  observations  and  predictions  into  a  format  where 
more  thorough  comparisons  can  be  drawn  would  be 
welcomed. 

3)  The  discrepancy  between  theory  and  the  observed 
temperature  dependence  of  the  radio-frequency  refractivity 
is  tantalizing  (57).  The  phenomenology  of  large-scale  refrac¬ 
tive  effects  at  near-millimeter  wavelengths,  such  as  beam 
bending  and  multipath  propagation,  have  so  far  been  given 
little  attention. 

4)  Greater  prominence  is  now  being  given  to  studies  of 
turbulence  effects.  Several  interesting  confirmations  of  the¬ 
ory  have  been  completed  and  many  more  comparisons  are 
in  the  offing.  One  puzzle  which  has  appeared  is  the  report 
of  a  strong  diminution  of  intensity  fluctuations  near  the 
center  of  a  line  at  325  GHz  (e  g.,  [85]). 

Important  effects  in  adverse  weather  will  be  covered  in  a 
future  publication. 

Note  Added  in  Proof 

The  author  recently  received  a  preprint  of  an  article  by 
H  ).  Liebe  in  which  revisions  of  the  model  in  [28],  [37]  are 
presented  The  improvements  are  based  on  revised  line 
data  and  a  more  refined  analysis  of  data  obtained  in  his 
laboratory.  They  appear  to  bring  the  model  into  substan¬ 
tially  better  agreement  with  the  Soviet  data  [40],  [41] 
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Abstract 


During  a  program  whose  objective  is  to 
measure  millimeter  wave  atmospheric  turbu¬ 
lence  effects,  the  phase  noise  spectra  of 
phase-locked  klystron  oscillators  operat¬ 
ing  at  116,  140,  and  173  GHz  were  measured. 
This  paper  describes  the  results  obtained. 


Introduction 


This  paper  describes  the  measurements 
of  phase  noise  spectra  of  three  Varian/ 
Canada  millimeter  wave  klystrons,  phase- 
locked  at  frequencies  of  116.3,  140  and 
173  GHz.  The  phase-lock  system  is  similar 
to  that  designed  by  Henry  tl]>  and  uses  a 
discriminator  for  coarse  frequency  correct¬ 
ions  and  a  phase-lock  system  for  precise 
phase  control. 


Description  of  Phase-Lock  System 


Figure  1  is  a  block  diagram  of  the 
phase-lock  system  used  for  these  measure¬ 
ments.  A  nominally  100  MHz  reference 
oscillator  is  used  to  lock  an  X-band 
phase-locked  solid  state  source  with  an 
output  in  the  8. 0-8. 5  GHz  range.  This 
signal  acts  as  the  local  oscillator  for  a 
harmonic  mixer  which  domconverts  the 
klystron  output  to  an  intermediate  fre¬ 
quency  of  700  MHz.  The  amplified  IF 
signal  is  split  into  two  equal  signals, 
one  of  which  drives  the  discriminator 
resulting  in  an  error  signal  gutput  pro¬ 
portional  to  the  frequency  difference 
between  the  IF  and  a  700  MHz  reference 
signal,  and  the  other  gives  an  error 
signal  proportional  to  the  phase  differ¬ 
ence  between  these  two  signals.  The  100 
MHz  reference  oscillator  used  in  these 
experiments  was  a  Hewlett-Packard  8640B 
tunable  cavity  oscillator  which  allows  for 
tuning  of  the  klystron  output.  For  some 
of  the  measurements  a  Hewlett-Packard  105A 
quartz  frequency  standard  together  with  a 
multiplying  chain  was  used  to  generate 
the  100  MHz  reference  for  comparison  to 
the  results  obtained  with  the  tunable 
oscillator. 


Results  of  Measurements 


the  700  MHz  IF  was  downconverted  to  30 
kHz.  In  determining  the  phase  noise,  it 
is  assumed  that  the  All  noise  of  the 
klystron  is  small  compared  to  the  FH 
noise. 


Figure  2  shows  the  phase  noise  spec¬ 
trum  of  the  116.3  GHz  klystron.  The  solid 
curve  was  measured  by  using  the  HP  105A 
reference  and  the  dashed  curve  with  the 
8640B  reference.  The  spectra  of  the  140 
and  173  GHz  sources  were  measured  only 
with  the  8640B  and  showed  little  differ¬ 
ence  from  the  corresponding  116.3  GHz 
spectrum.  These  spectra  do  not  show  spurs 
at  60  and  120  Hz  due  to  the  power  line; 
these  spurs  are  about  20  dB  above  the 
background  level. 


Figure  2  shows  that  the  phase  noise  of 
the  116.3  GHz  klystron  locked  to  the  8640B 
is  significantly  better  than  one  would 
expect  by  adding  a  factor  20  log  N  (N  is 
the  multiplication  factor)  to  the  pub¬ 
lished  phase  noise  of  the  8640B.  Hewlett- 
Packard  advises  that  this  is  because  the 
oscillator  has  been  significantly  improved 
since  the  specifications  were  published, 
and  that  the  specifications  are  very  con¬ 
servatively  given.  Locking  the  klystrons 
to  a  tunable  oscillator  provides  signifi¬ 
cant  advantages  in  source  tunability  and 
phase-locked  modulation  capability. 


Photographs  of  the  klystron  spectra 
are  shown  in  Figures  3  and  4  which  shew 
the  broadband  spectrum  of  the  173  GHz 
source  and  the  near-carrier  spectrum  of 
the  116  GHz  source,  respectively.  The 
slight  asymmetry  in  the  near-carrier 
spectrum  is  thought  to  be  caused  by  a 
slight  relative  drift  between  the  HP 
105A  and  the  audio  spectrum  analyzer 
local  oscillator. 


Conclusions 


Measurements  of  phase  noise  were  made 
on  the  700  MHz  IF  signal  by  using  a 
Systron  Donner  0.01-18  GHz  spectrum 
analyzer  for  the  spectral  range  greater 
than  10  kHz  from  the  carrier  and  a 
Hewlett-Packard  3580  audio  spectrum 
analyzer  to  observe  the  near-carrier 
spectrum.  For  these  latter  measurements 
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The  results  of  this  paper  show 
that  it  is  possible  to  phase-lock 
millimeter  wave  klystrons  so  that 
spectral  line  widths  are  less  than  1 
Hz  if  a  high  quality  reference  source 
is  used.  Alternatively,  the  klystron 
may  be  locked  to  a  tunable  cavity 
oscillator  to  add  tuning  and  frequency 
modulation  capability,  with  slightly 
degraded  near-carrier  phase  noise. 
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Figure  1.  Block  diagram  of  Henry 
phase  lock  system. 


Figure  3.  Broadband  spectrum  of  173 
GHz  klystron.  Vertical 
(lOdB)  and  horizontal  (2MHz) 
scales  are  indicated.  Measure¬ 
ment  bandwidth  is  100  kHz. 


Figure  4.  Near-carrier  spectrum  of  116 
GHz  klystron  with  measurement 
bandwidth  of  1  Hz.  Vertical 
(lOdB)  and  horizontal  (5Hz) 
scales  are  indicated. 


Figure  2.  Phase  noise  spectrum  of  116.3 
GHz  klystron  measured  with 
crystal  and  cavity  oscillator 
reference  sources. 
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Abstract 


This  paper  describes  a  millimeter  wave 
atmospheric  transmission  link  operating  at 
116,  140  and  173  GHz  designed  to  measure 
the  mutual  coherence  function  (MCF)  for 
transmission  through  atmospheric  turbu¬ 
lence.  The  transmitter  and  receiver  local 
oscillator  are  phase-locked,  and  the 
receiver  mixers  are  second  harmonic  types 
in  the  cross-guide  configuration.  The 
receiver  uses  double  conversion,  with 
intermediate  frequencies  of  930  and  30 
MHz.  A  30  MHz  signal  combining  network 
uses  phase  shifters  and  video  detectors  to 
determine  voltages  proportional  to  the 
parameters  required  for  determination  of 
the  MCF. 


Introduction 


Atmospheric  turbulence  is  known  to 
have  deleterious  effects  on  the  propaga¬ 
tion  of  visible  and  near  infrared  radia¬ 
tion  through  the  atmosphere.  At  longer 
wavelengths,  one  would  not  expect  the 
effects  to  be  as  significant  because  of 
the  dependence  of  the  log  amplitude 
variance  of  intensity  fluctuations  on 
where  v  is  frequency.  At  frequencies  for 
which  atmospheric  moisture  has  a  signifi¬ 
cant  effect  on  propagation,  however,  the 
absolute  humidity  structure  parameter 
as  well  as  the  temperature  structure  para¬ 
meter  C,|.  and  their  cross-correlation  Cijg 
contribute  to  the  magnitude  of  the  index 
of  refraction  structure  parameter  C^, 
where  for  visible  and  near  infrared  radia¬ 


tion  only  Cj,  contributes  [1].  These 
moisture  contributions  make  millimeter 


wave  turbulence  effects  significant,  and 
fluctuations  in  intensity  of  1-3  dB  and 
angle-of-arrival  of  300  urad  peak  over  a 
1  km  path  may  be  expected. 


Parameters  Measured 


The  apparatus  used  to  measure  the 
effects  of  millimeter  wave  atmospheric 
turbulence  consists  of  a  transmitter 
separated  from  a  four-receiver  array  by  a 
■distance  of  1.3  km.  The  four  receivers 
■are  separated  by  1.4,  2.8,  and  5.6  m,  so 
that  six  possible  pairs  of  receivers 
Separated  by  distances  varying  from  1.4  to 
10  m  are  used  for  the  measurements  [2]. 


To  determine  the  MCF,  consider  the  an¬ 
tenna  pair  shown  in  Figure  1.  Vn  and  V2 
■'te  the  voltages  measured  at  each  indi- 
■'idual  antenna.  The  phase  shift  takes  on 


sequential  values  of  0,  it/2,  n,  and  3t,/2 
and  the  voltage  output  of  the  receiver 
corresponds  to  each  of  these  values. 

Under  these  conditions,  it  is  possible  to 
show  that  Vjj  is  given  by  [3] 


•  |V,I^  ♦  IVjl^  *  2  |v,|  IVjl  o(r)  co%  -  B(r)j  . 


where  the  mutual  coherence  function  for 
atmospheric  propagation  is  given  by 


MCF  -  p  (rje-* 


By  varying  0^  through  the  indicated 
sequence',  it  is  possible  to  solve  for 
p (r)  and  B(r)  as  follows: 


8(r)  •  t4n 


2  ,  2 
-1  l''90 '  "_|''27ol_ 


*  (IV 


16  |V,|^  IVjl^ 


The  millimeter  wave  radio  frequency 
system  is  designed  to  measure  the  para¬ 
meters  required  for  calculation  of 
0  (r)  and  8  (r)  . 


Millimeter  Wave  Link 


The  transmitter  and  receiver  local 
oscillator  are  phase-locked  to  allow  for 
a  narrow  receiver  bandwidth  and  resulting 
improvement  in  signal-to-noise  ratio. 
Klystrons  locked  to  solid  state  X-band 
sources  which  were  in  turn  locked  to 
stable  oscillators  were  used  for  both 
transmitter  and  receiver.  Phase-lt eking 
is  not  necessary  to  determine  the  para¬ 
meters  of  Equations  (3)  and  (4)  but  was 
found  necessary  for  calibration  in  addi¬ 
tion  to  giving  the  improved  noise  per¬ 
formance  indicated  above. 


The  transmitted  frequencies  were  116, 
140  and  173  GHz,  and  the  receiver  local 
oscillator  frequencies  were  one-half  of 
these  values  since  X2  harmonic  mixers 
were  used.  These  mixers  have  conversion 
losses  of  about  20  dB  in  this  cross-guide 
harmonic  configuration.  Double  conver¬ 
sion  has  been  used,  with  iFs  of  930  and 
30  MHz.  Figure  2  is  a  block  diagram  of 
one  channel  of  the  receiver,  showing  the 
variable  attenuator  and  phase  shifter 
used  for  calibration. 
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Instead,  a  series  of  relay  lenses, 
termed  a  lens  beam  waveguide  [4],  was 
chosen  to  distribute  the  LO  signal,  as 
illustrated  in  Fig.  3.  Twenty-one  lenses, 
152  mm  in  diameter  and  made  of  high-density 
polyethylene  were  used,  but  the  longest  run 
between  the  Klystron  and  a  receiver 
involved  fifteen.  Corrugated  conical  horns 
couple  the  LO  signal  into  and  out  of  the 
beam  waveguide  and  produce  a  beam  with  a 
Gaussian-shaped  field  profile  141. 

The  lenses  have  a  curvature  and 
spacing  (737  mm)  such  that  they  are 
confocal  [4].  The  horn  feeds  were  designed 
such  that  a  beam  waist  occurs,  for  a 
frequency  of  55  GHz,  half  way  between  the 
lenses  as  shown  in  Fig.  3.  At  a  higher 
frequency,  the  feed  pattern  changes  and  the 
beam  waist  shifts,  but  at  every  odd 
numbered  lens  in  a  series,  the  beam  returns 
to  the  size  that  couples  efficiently  to  the 
output  horns.  Since  all  legs  of  the  beam 
waveguide  have  an  odd  number  of  lenses,  it 
worKs  well  over  a  wide  frequency  range. 

The  splitting  of  LO  power  between  the 
paths  to  the  various  receivers  is 
accomplished  by  stretched  electrof ormed 
nickel  meshes.  Selections  were  made  of 
meshes  of  different  reflectance  to  balance 
the  power  to  all  receivers  at  crucial 
frequencies.  It  is  calculated,  from 
measured  lens  and  mesh  parameters  that 
about  ten  percent  of  the  klystron  power 
launched  into  the  beam  wavequide  is 
delivered  to  each  receiver.  Satisfactory 
mixer  performance  has  been  obtained  with 
this  system. 


The  first  field  tests,  described 
elsewhere  in  these  proceedings  Cl],  have 
demonstrated  the  success  of  the  designs 
presented  in  this  paper.  A  notable 
achievement  is  the  lens  beam  wavequide  LO 
distribution  system  with  its  wide  frequency 
range. 
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Fig.  1 


Cutaway  of  transmitter  van 
showing  transmitting  antenna 
mounted  on  a  pedestal. 


Fig.  2  Receiver  array  showing  four 
antennas  above  the  I-beam  support 
and  one  below. 
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Fig.  3  A  representative  portion  of  the 
lens  beam  waveguide  LO 
distribution  system. 
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Abstract 

This  system,  used  to  measure  the 
effects  of  atmospheric  turbulence  at 
frequencies  between  116  and  173  GHz, 
comprises  a  front-fed,  off-axis  parabola 
transmitting  antenna  located  1.4  km  from  a 
receiver  array.  The  five  antennas  in  the 
latter  receive  local  oscillator  power  from 
a  phase-locked  klystron  source  via  a  low- 
loss  lens  beam  waveguide  distribution 
system. 

Intcoduction 

A  key  part  in  the  Georgia  Tech  and 
National  Oceanic  and  Atmospheric 
Administration  study  of  millimeter  wave 
atmospheric  turbulence  effects  [1-3]  has 
been  the  development  of  an  appropriate 
antenna  system.  The  equipment  may  be 
transported  to  sites  of  interest  and  has 
been  used  at  a  specially  selected  site  (IJ 
near  Flatville,  Illinois.  The  use  of  an 
array  of  receivers  allows  phase  differefices 
in  the  wavefront,  and  hence  angle  of 
arrival  scintillation,  to  be  measured.  The 
method  used  is  described  elsewhere  in  these 
proceedings  tl-2]. 

Transmitter 

Three  objectives  met  in  the  design  of 
the  transmitter  antenna  are:  (1)  it  fills 
the  receiver  array  for  propagation 
distances  of  1  km  or  more;  (2)  it  avoids 
overfilling  the  receiver  array  and  has 
minimal  sidelobes;  'and  (3)  it  gives  far 
field  conditions  at  the  receiver.  A  picture 
of  the  design  solution  is  shown  in  Fig.  1. 

The  primary  antenna  is  an  off-axis, 
rectangular  (610  X  152  mm)  section  of  a 
paraboloid  reflector.  As  a  result  of  the 
unequal  height  and  width,  the  antenna 
pattern  is  spread  out  horizontally  and  is 
narrow  vertically,  efficiently  filling  the 
receiver  array  which  is  1.5  m  in  vertical 
extent  and  10  m  in  horizontal.  The  mirror 
was  copy-turned  from  solid  aluminum. 

The  primary  is  front  fed  by  an  E-plane 
corrugated  rectangular  horn,  without 
obscuration.  The  corrugations  have  been 
included  to  minimize  sidelobes  in  the  feed 
pattern,  and  further  reduction  is  effected 
i’y  application  of  an  absorbing  foam  to  the 
periphery  of  the  mirror. 
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As  shown  in  Fig.  1,  the  antenna  is 
mounted  on  a  pedestal  which  goes  through 
the  floor  of  the  surrounding  van,  down  to  a 
concrete  pad  which  provides  stability  in 
pointing  the  antenna.  The  van  and  antenna 
have  been  sited  on  a  berm  such  that  the 
transmitter  is  at  the  same  height  above  the 
plain  as  the  receiver  array  (namely  3.5m). 

Receiver  Array 

Each  receiving  antenna  in  the  array 
comprises  a  conical  corrugated  horn  feed,  a 
305  mm  diameter  polyethylene  lens  and  a 
large,  optical  quality  diagonal  mirror  for 
beam  steering,  as  may  be  seen  in  Fig.  2. 
All  are  mounted  on  a  large  I-beam  that 
rests  on  two  pillars  anchored  to  concrete 
ground  pads  for  stability  and  isolation 
from  the  surrounding  semi-trailer  van. 

The  array  may  be  termed  non-redundant, 
since  any  combination  of  two  antennas, 
gives  a  unique  spacing  for  which  the 
relative  phases  of  the  signals  can  be 
measured.  The  six  intervals  in  the 
horizontal  direction  are  1.43,  2.86,  4.29, 
5.71,  8.57  and  10  meters.  Intervals  that 
are  not  only  unique,  but  nearly  uniformly 
distributed.  Preliminary  results  (.1) 
indicate  transverse  coherence  lengths  in 
'  the  propagated  radiation  that  are  within 
the  dimensions  of  the  array.  Thus  the  array 
size  is  well  matched  to  the  measurement 
requirement.  One  antenna  shown  in  Fig.  2  is 
1.43  m  below  the  horizontal  row  of 
antennas.  This  allows  differences  in 
vertical  and  horizontal  scintillation  to  be 
measured. 

l,sx;a  QfidiD  Waveguide  1,Q  Distribution 

Provided  that  all  receivers  use  the 
same  LO,  it  is  possible  to  measure 
meaningful  phase  differences.  The  mixers  in 
the  receivers  are  of  the  harmonic  type  so 
the  LO  frequencies  are  in  the  range  58  to 
87  GHz.  The  LO  sources  are  klystrons  with 
available  powers  of  a  few  hundred 
milliwatts.  The  waveguide  size  used  for  LO 
components  throughout  this  range  is  WR-12. 

The  combination  of  the  limited  power 
available  and  the  large  array  size  over 
which  the  LO  signal  must  be  distributed 
makes  it  important  to  have  high  efficiency 
in  the  LO  transmission  medium.  However,  the 
losses  in  long  runs  of  WR-12  waveguide  may 
be  shown  to  be  too  high. 
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olud*  that  tha  aystam  la  capable  of  laaglng  over  the 
seven-clenent  area  used. 

A  calculation  of  the  receptor  spacing  required 
for  dlffractloiv-llalted  resolution  yields  a  value  of 
3-0  We  feel  that  we  can  decrease  our  spacing  to 
aaybe  5  ■■  without  affecting  the  beaa  patterns,  and 
thus  get  within  a  factor  of  less  than  two  from 
dlffractlon-llalted  resolution.  It  should  be  ob¬ 
served  that  the  LTSA  sanples  the  Image  considerably 
■ore  efficiently  than  any  wave- guide- type  feed,  or  a 
broad-side  planar  antenna,  since  these  are  all  basi¬ 
cally  aperture  antennas,  whereas  the  LTSA  achieves 
Its  narrow  bean  prlnarliy  due  to  a  traveling-wave 
■echanlsa.  The  conical  horn  which  matches  our 
Cassegrain  reflector,  for  example,  could  not  be 
stacked  closer  than  14  aa.  A  comparison  of 
realizable  feed  patterns  for  aultl-beaa  antennas  was 
recently  published  by  Rahaat-Saall  et  al.  (71.  This 
paper  Msiaes  a  beaa-shape  which  Is  proportional  to 
(cos«)^,  and  estlaates  the  value  of  q  for  arrays  of 
feed  eleaenta,  and  different  element  spacings.  We 
have  replotted  their  data  In  Figure  7,  and  included 
our  own  ■eaaia>ad  data  for  the  LTSA  array,  and  this 
graph  clearly  shows  the  superiority  of  the  LTSA  In 
taras  of  ability  to  be  stacked  cloaely. 

Another  demonstration  of  the  capabilities  of 
the  Imaging  aystca  was  carried  out  by  constructing  a 
2x2  array  of  LTSA' a  on  two  parallel  substrates.  A 
program  was  written  for  the  HP-85f  which  enabled  the 
srstem  to  track  the  source.  If  deliberately  pointed 
off  the  source,  the  system  was  able  to  correct  Its 
pointing  and  return  to  the  target  within  one  step  of 
the  stepping  aotora,  an  angular  distance  of  0.06  de¬ 
grees. 
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Fig.  1.  A  typical  near  mllll-  ^  possible  LISA  arrav. 
meter  imaging  system 


Fig.  3.  Optics  of  the  Cassegrain  imaging  system. 


Fig.  4.  The  seven-element  LTSA  array  implemented  for 
the  imaging  system.  The  receptors  have  been  numbered 
starting  at  the  center.  Receptor  vertical  spacing 
and  spacing  between  suustrates  are  botli  7.9  mm. 


for  receptor  #1  (see  Fig.  4),  for  imaging  system. 
E-plane  pattern  is  similar  using  receptors  '<1  and 


Fig.  7.  Pl(^t  of  q  versus  norrDaHzel  sp.icinj  o‘‘ 
arrav-elemcnts .  A«Cicar  antenn.i;  .  Vavec.; 

C-Circ  '.Vave^;.;  !>*D>ram.  horn  [7]. 
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Abstcact 

Observations  were  conducted  over 
uniform,  exceptionally  flat  farm  land  in 
Illinois  during  clear  weather  in  July, 
1983.  Scintillation  data  were  obtained  at 
116.30  and  172.91  GHz  for  a  path  1.4  km 
long.  Rigorous  micrometeorological 
measurements,  some  of  them  path  averaging, 
were  made  along  the  path.  The  results  of 
these  tests  will  be  described. 


A  recently  started  systematic  study  of 
the  effects  of  atmospheric  turbulence  on 
millimeter  wave  propagation  will  be 
described  here.  In  the  frequency  range 
covered,  there  have  been  few  previous 
studies  ill  and  little  if  any  attention  has 
been  given  to  angular  scintillation.  The 
present  study  Includes  observations  of  both 
amplitude  and  angular  scintillation, 
measurements  of  micrometeorological 
parameters  and  near  infrared  wavelength 
scintillation,  and  improvements  in  the 
theoretical  description  of  millimeter  wave 
scintillation.  The  millimeter  wave  regime 
is  interesting  because  the  wavelengths  are 
similar  in  size  to  the  smallest  eddy  sizes 
in  the  atmosphere,  and  secondly  because 
transmission  can  be  studied  in  relatively 
clear  regions  of  the'spectrum  as  well  as  in 
regions  of  resonant  absorption  by  oxygen 
and  water  molecules.  In  general, 
millimeter  wave  turbulence  effects  differ 
ftom  those  at  shorter  wavelengths  by 
depending  significantly  on  the 
icrostructure  of  water  vapor  in  the 
Jt:iosphere. 

Observation  Site 

The  propagation  path,  near  Flatville, 
Illinois,  is  1.4  km  long  and  crosses 
‘Jniform  soybean  vegetation  on  ground  that 
‘s  exceptionally  flat  (one  foot  or  less 
■eight  variation).  The  path  is  about  3.5  m 
Jhove  the  ground.  There  are  no  raised 
'  to  disturb  the  wind  for  at  least 

m  on  either  side  of  the  path,  with  the 
of  the  meteorological  Instruments 
.  ate  placed  to  the  lee  of  the 

path  for  the  prevailing  west 
This  exceptionally  uniform 
'tonment  makes  theoretical  descriptions 
ye  experiment  tractable.  Tne  sitv 

a  full  range  of  temperate  one 
'  ‘"er  for  further  research. 


iducted  over  The  overall  layout  is  shown  in  Fig,  1. 

farm  land  in  Both  ia  RlLU  and  path  averaging 
meteorological  instrumentation  (listed  in 
obtained  at  1)  has  been  provided.  Data  collect  •••• 

path  1,4  km  coordinated  through  two  stations  located 

;eorological  gt  400  and  800  m  from  the  receiver  van. 
ith  averaging,  Mear  each,  a  rotatable  tower  places  most  of 
le  results  of  ^he  xo  situ  instruments  at  the  same  height 
as  the  propagation  path.  It  is  emphasized 
that  fluctuations  of  humidity,  temperature, 
nf  wind  velocity  can  be  measured  in  small 

urbulence  on  volumes  and  at  speeds  of  at  least  lOQ 

Lon  will  he  samples/sec.  The  path-averaging  optical 
auenov  ranae  cross-wind  instrumentation  (31  is  a 

ew  orevlous  infrared  scintillometer  that  provioc.- 

attention  has  *  measure  of  the  atmospheric  temperature 
iiat-inn  The  density)  structure  and  mean  crosswina 

tfnna  nf  hnfh  Speed.  The  laser  rain  gauge  [41  will  be 
inniiatinn  used  in  later  phases  of  the  research. 

,  .  (  Presently  32  channels  of  meteorological 

d  wavelenoth  data  are  logged  (along  with  28  channels  of 

nenta  in  the  millimeter  wave  data)  on  a  central  computet 

llimeter  wave  receiver  van.  Communication  from  the 

renime  m cteo r o 1 og i cs 1  stations  is  via  a  special 

velengths^are  putpose  buried  fiber  optic  data  link. 

St  eddy  sizes  Millimeter  Wave  Facilities 

ndly  because  These  consist  of  klystron  transmitte'-? 

Ln  relatively  directed  over  the  propagation  path  to  a 

as  well  as  in  receiver  array  with  nonredundant  antenna 

on  by  oxygen  separations  ranging  from  1.4  to  10  m.  The 

:n  general,  transmitter  and  receiver  are  separately 

ffects  differ  phase-locked  for  low  noise.  A  signal 

elengths  by  combining  network  facilitates 

ly  on  the  interferometric  measurements  from  which 

apor  in  the  both  amplitude  and  relative  phase  (or 

angular)  scintillation  can  be  determined. 
Details  are  given  elsewhere  [5,  61. 

Results 

(ar  Flatville,  The  first  measurement  series  was 

and  crosses  conducted  during  a  period  July  12-20,  1983 
1  ground  that  when  there  was  clear,  mostly  sunny  weather 

foot  or  less  every  day.  A  second  measurement  series 

•  s  about  3.5  m  planned  for  Nov. -Dec.  should  also  have  been 

re  no  raised  carried  out  by  conference  time, 

for  at  least  The  analysis  of  the  data  is  now  at  a 

ath,  with  the  preliminary  stage.  Data  for  midday 

il  instruments  periods,  when  convective  turbulence  was 

lee  of  the  well-developed,  show  typical  amplitude 

(vailing  west  standard  deviations  of  about  9  percent  at 

ly  unifota  116.30  GHz  and  11  percent  at  172.91  GHz, 

descriptions  These  were  determined  under  approximately 
Tne  sitv  1 -u  the  same  conditions  of  temperature  and 

nperate  ,.one  humidity  fluctuations  and  show  the  expected 

dependence  on  electromagnetic  frequency 
(li.  Near  midnight,  when  the  atmosphere  is 
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exceptionally  stable,  fluctuations  as  much 
as  thirty  times  smaller  were  seen, 
demonstrating  the  low  noise  qualities  of 
the  instrumentation. 

Typical  midday,  relative-phase 
standard  deviations  for  the  minimum  antenna 
spacing  (1.43  m)  were  .175  and  .20  radians, 
respectively  for  the  above  frequencies. 
These  correspond  to  apparent  angle-of- 
arrival  standard  deviations  of  about  50 
p  rad.  The  variance  of  relative  phase 
increases  with  antenna  separation  to  the 
5/3  power  in  accord  with  the  Kolmogorov 
model  of  turbulence  (2,  7]  for  small 
antenna  spaclngs,  and  Increases  less 
rapidly  at  larger  spaclngs  in  a  way 
attributable  to  the  effects  of  the  outer 
scale  of  turbulence  (71. 

At  similar  times,  the  path-averagp, 
millimeter  wave  structure  parameter  c 
may  be  determined  to  be  2  X  10“12  in“2/3 
much  larger  than  the  infrared  value 
8  X  10~1^  m~2/3  .  This  is  not  unexpected 

due  to  the  effects  of  water  vapor,  but  the 
calculations  necessary  to  make  a 
quantitative  comparison  with  theory  (8I 
remain  to  be  carried  through. 


Conclusions 

An  experimental  program  has  begun  that 
promises  to  yield  a  wealth  of  information 
on  millimeter  wave  turbulence  effects.  In 
turn,  it  is  foreseen  that  millimeter  waves 
can  be  developed  as  a  probe  of 
meteorological  fluctuations  that  will 
complement  infrared  probes.  In  the  near 
future  it  is  planned  to  add  new  frequencies 
and  to  study  precipitation  and  fog  effects. 
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Table  1.  Meteorological  Instruments 
In  Situ 

Lyman  alpha  humidity  gauges 
Fine  wire  temperature  probes 
Three-axis  sonic  anemometers 
Wet  and  dry  bulb  psychrometers 
Vaisalla  humidity  gauges 
Barometer 

Propeller  anemometer 
Wind  vane 
Pyronometer 

Weighing  bucket  raingauges 
£A4ii  Axficaging 

Optical  Cfj^ 

Optical  crosswind 
Optical  raingauge 
Optical  distrometer 


I  Xm  •ocW  (Porht  50  m  mcM 

Fig.l  Layout  of  Millimeter  Wave  scintil¬ 
lation  experiment  and  associated  meteoro¬ 
logical  instrumentation. 
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FIELD  ATTENUATION  MEASfREMEXTS  AT  0.89  mm 


A.J.  G.isiL-wskl,  F.L.  Merat,  'lae  Western  Reserve  University, 
Cleveland,  UHIO  44106. 


Field  measurements  of  clear  atmosphere  attenuation  have  been 
made  at  a  wavelenght  of  0.89  mm,  using  an  optically  pumped 
far  Infrared  laser  as  a  source.  Absolute  measurements  of 
attenuation  idicated  4  to  ]4  8B/km  above  values  calculated  by 
absorption  line  compilations.  Attenuation  sensitivity  measure¬ 
ments  yielded  values  1.5  to  2.0  times  greater  that  the  slopes 
predicted  by  monomer  theory.  Reasonable  agreement  is  obtained 
with  previously  measured  data  by  Tanton  and  by  Ryadov  and  Furashov. 


SPECKLE  PHENOMENA  AT  10  urn  WAVELENGTH 

D.L.  Jordan,  R*C.  Hollins,  and  £•  Jakeman 

Royal  Signals  and  Radar  Establishment 

St.  Andrews  Road 

Great  Kalvem 

Worcs  WR14  3PS 

United  Kingdom 

Scattering  of  radar  and  infra-red  waves  is  strongly  influenced  by  the  multi¬ 
scale  (fractal)  nature  of  naturally-occurring  surfaces.  Measurements  using 
radiation  illustrate  striking  differences  between  scattering  by 
fractal  and  smoothly-varying  surfaces.  The  influence  of  speckle  in  coherent 
laser  radar  will  be  discussed. 
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1.0  Zatcodaetloa 

This  paper  'describes 
measurements  of  millimeter  wave 
atmospheric  turbulence  effects  made 
jointly  by  Georgia  Tech  and  NOAA  at  a 
site  neat  Champalgn-Urbana  Illinois, 
chosen  for  its  exceptional  flatness  and 
absence  of  trees,  hills  or  other 
obstructions  which  might  perturb  the 
atmospheric  fields.  The  measurements 
were  made  at  frequencies  of  116.3, 
118.75,  120.75,  142.00,  and  173.00  Ghx) 
and  under  atmospheric  conditions  of 
cleat  air,  rain,  fog,  and  snow.  The 
millimeter  wave  measurements  were 
supported  by  extensive  meteorological 
instrumentation. 


2.0  Approach 

The  turbulence  measurement 
system  consists  of  transmitter  and 
receiver  systems  separated  by  a  distance 
of  1.4  km  traversing  a  field  planted  in 
soybeans  in  summer  and  covered  by 
stubble  in  other  seasons.  The 
transmitter  is  a  phase-locked  klystron 
oscillator  feeding  an  offset  paraboloid 
antenna.  The  receiver  is  a  5-element 
array  consisting  of  4  elements  with  non- 
redundant  spacing  in  the  horizontal 
plane  with  a  5th  element  placed 
immediately  below  one  of  the  horizontal 
elements.  Each  of  these  array  elements 
is  a  superheterodyne  receiver,  and  all 
are  pumped  by  a  common  phase-locked 
klystron  local  oscillator  which  is 
distributed  to  the  individual  receivers 
by  a  beam*  waveguide  system.  This 
arrangement  provides  means  for  measuring 
both  amplitude  and  phase  fluctuations, 
thus  leading  to  a  good  approximation  for 
the  MNH  atmospheric  mutual  coherence 
function.  This  measurement  system  has 
been  described  in  more  detail  elsewhere 
11,2,31 . 


especially  large  when  the  sun  comes  out 
after  a  rainfall,  or  when  the  soybeans 
are  large  enough  to  give  up  large 
amounts  of  water  vapor  by  transpiration. 
Figure  1  is  a  copy  of  a  chart  recorder 
trace  showing  intensity  fluctuations  of 
a  142  Ghz  signal  measured  on  a  clear 
morning  after  a  light  rainfall  (-3mm) 
occurred  the  night  before.  Figure  2 
shows  the  corresponding  phase 
fluctuations  measured  between  the  pair 
of  antennas  with  a  spacing  of  lOm.  Large 
fluctuations  of  this  nature  were  common 
in  the  summer  but  did  not  occur  in  the 
winter  despite  the  fact  that  winter 
weather  was  generally  more  violent. 
Smaller  wintertime  variations  are 
ascribed  to  much  lower  absolute 
humidity. 


3.0  Results  of  Clear  Air  Heasurements 

He  have  found  that  the  largest 
fluctuations  in  both  intensity  and  phase 
occur  under  clear  air  summertime 
conditions  during  which  the  atmosphere 
is  hot  and  humid.  Fluctuations  are 


4.0  Rain,  Fog,  and  Snow  Results 

Some  of  the  more  interesting 
results  have  been  observed  during 
rainfall.  The  MNH  attenuation  generally 
closely  follows  the  variations  of  the 
path-averaging  rain  gauge  except  for  the 
fact  that  immediately  after  the  rain, 
the  received  signal  remains  lower  than 
at  the  beginning,  presumably  because  the 
humidity  remains  high.  These  effects  are 
illustrated  by  the  chart  recorder  traces 
shown  in  Figure  3,  which  show  receiver 
channels  1  and  2  measured  at  173  GHz 
during  a  heavy  rain.  Because  of  its 
proximity  to  the  strong  water  vapor 
absorption  at  183  GHz,  this  frequency  is 
especially  sensitive  to  higher  absolute 
humidity.  There  is  some  indication  also 
from  preliminary  studies  of  the  data 
that  the  fluctuation  spectrum  contains 
higher  frequency  fluctuations  during 
precipitation  events  as  expected  [4]. 

A  very  interesting  phenomenon 
occurs  in  heavy  fog.  Figure  4  shows 
chart  recorder  traces  made  at  142  GHz 
during  a  fog  for  which  the  visibility 
was  estimated  to  be  200  m.  Note  the 
extreme  quietness  of  the  traces. 
Measurements  of  phase  fluctuations  made 
during  this  fog  showed  a  similar 
quietness. 
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A  ••rt*s  of  ■••■uroBonta  at  lie 
GHz  waa  aada  during  a  anowatorn  that 
laatad  intacaittantly  for  two  daya  and 
loft  an  accuaulation  of  about  30  ea  on 
tbo  ground.  Hoatbor  during  thia  atom 
waa  fairly  violent,  with  winda  gusting 
to  20  a/a  and  with  accoapanying  ground 
blizzarda.  Aa  atatod  oaclier,  the 
intonaity  fluctuationa  are  aaallor  for 
thia  caao  than  for  the  auaaortiao 
conditiona  cepcoaentod  by  Figure  1. 

5.0  CoBcluaiona 

We  have  made  aeaaureaenta  of  MHW 
turbulence  effecta  at  aeveral 
frequenciea  of  intereat  under  widely 
varying  ataoapherie  conditiona.  Theae 
aeaaureaenta  are  aupported  by  eztenaive 
aeteorological  Inatruaentation.  It  la 
concluded  that  turbulence  effecta  are 
aore  pronounced  under  hot,  humid 
auaaertiae  conditiona.  Fluctuationa 
aeaaured  in  winter  are  aaaller  becauae 
of  lower  abaolute  huaidity. 
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Figure  1.  Intenaity  fluctuations  of  a 
142  GHz  signal  measured  on  a  hot,  humid 
day. 
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Figure  2.  Phase  fluctuations  measured 
under  the  same  conditions  as  Figure  1. 


Figure  3.  Intensity  changes  measured  at 
173  GHz  during  a  heavy  rain. 
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Figure  4.  Intensity  fluctuations 
measured  during  a  heavy  fog  at  142  GHz. 
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ABSTRACT 

Measurements  were  made  of  the 
effects  of  falling  snow  on 
millimeter  wave  transmission 
during  November  and  December  1983 
and  February  1984  at  a  specially 
selected  and  Instrumented  site  in 
Illinois.  These  show  intensity 
fluctuations  as  well  as  angle-of- 
arrival  fluctuations  for  frequen¬ 
cies  of  116  and  173  GHz. 
Transmitter  and  receiver  sub¬ 
systems  are  separated  by  a 
distance  of  1.4  km  over 
exceptionally  flat  terrain.  De¬ 
tailed  meteorological  measure¬ 
ments  have  been  made  of  normal 
variables,  m ic roraeteorological 
quantities  and  particulate  para¬ 
meters.  Analyses  of  results  during 
snow  are  compared  with  results 
when  the  fluctuations  are  due  only 
to  turbulence  in  clear  air. 


INTRODUCTION 

For  a  full  picture  of  the 
limitations  imposed  by  the 
atmosphere  on  millimeter  wave 
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system  performance,  it  is 
necessary  to  have  an  understanding 
of  the  fluctuations  caused  by 
turbulence  and  by  hydrometeorite 
turbidity.  The  work  which  will  be 
reported  here  is  part  of  a 
systematic  study  of  fluctuations 
in  both  intensity  and  angle  of 
arrival  in  the  frequency  range 
116-173  GHz  and  in  a  wide  variety 
of  weather  conditions  in  all 
seasons  of  the  year.  At  these 
frequencies,  which  are  high  in  the 
millimeter  band,  high  precision 
tracking  or  image  formation  may  be 
achievable  with  antennas  of 
mod«'tate  size,  and  thus  it  is 
particularly  of  interest  to  know 
whether  fluctuations  in  angle  of 
arrival  may  show  up  as 
significant.  There  have  been  few 
studies  which  have  addressed  this 
question  previously  (1,21,  and 
generally  in  these,  characteriza¬ 
tion  of  meteorological  parameters 
has  been  scant.  In  the  present 

study  an  effort  has  been  made  to 
.measure  not  only  the  standard 
meteorological  parameters  but  also 
ones  which  characterize  the 
turbulence  and  particulates 


present  in  a  propagation  path. 
For  comparison  and  additional 
information  about  atmospheric 
conditions,  infrared  scintillation 
has  also  been  measured.  In  clear 
air,  the  millimeter  wave  regime  is 
interesting  because  the 
wavelengths  are  similar  in  size  to 
the  smallest  turbulent  eddy  sizes 
in  the  atmosphere,  and  secondly 
because  transmission  can  be 
studied  in  relatively  clear 
regions  of  the  spectrum  as  well  as 
near  regions  of  resonant 
absorption  by  oxygen  and  water 
molecules.  Turbulence  effects  on 
millimeter  wave  signals  are 
distinguished  from  those  at 
visible  or  near  infrared  wave- 
lenths  by  the  strong  dependence  on 
the  refractivity  and  density 
microstructure  of  water  vapor  in 
the  atmosphere. 

Although  clear  air  problems 
are  of  considerable  interest,  it 
is  recognized  that  the  development 
of  millimeter  wave  systems  is 
presently  motivated  largely  by 
their  capabilities  in  adverse 
weather.  Therefore,  it  is 
essential  also  to  cover  turbidity 
effects  in  a  comprehensive  study, 
and  among  these  are  the  important 
effects  of  falling  snow. 
Wintertime  measurements  have  been 
conducted  in  the  periods  November 
11  to  December  6,  1983  and 

February  11  to  March  6,  1984  at  a 
specially  selected  site  in 
Illinois  which  will  be  described 
below.  During  this  time,  a  number 
of  snow  fall  measurements ' were 
obtained  as  well  as  data  on  clear 
air,  fog  and  rain.  Due  to  the 
considerable  quantity  of  data 
recorded  to  date  in  the  program, 
there  has  been  time  to  take  only  a 
very  preliminary  look  at  the 
results.  The  objectives  of  the 
present  paper  then  are  to  acquaint 
the  reader  with  the  measurement 
techniques  employed  and  to  show 
how  the  level  of  fluctuations 
caused  by  snow  fall  compares  with 
levels  in  other  types  of  winter 
weather  and  with  clear  air 
turbulence  in  the  summer. 


OBSERVATION  SITE 

The  site  of  the  measurements 
near  Champaign-Urbana,  Illinois 


was  chosen  for  its  exceptionaj 
flatness  and  general  absence  of 
trees,  hills  or  other 
obstructions.  The  propagation 
path  is  1.374  km  long  and  crosses 
a  field  which  is  entirely  planted 
in  soybeans  in  the  summer  and  has 
stuble  on  otherwise  bare  ground  in 
the  winter.  The  height  of  the 
propagation  path  above  ground  is 
3.5  meters  with  a  variation  of 
about  0.3  meters.  There  are  no 
raised  objects  to  disturb  the  wind 
for  400  meters  or  more  on  either 
side  of  the  propagation  path 
except  meteorological  towers  which 
are  placed  in  the  lee  of  the  path 
for  the  prevailing  west  winds. 
There  are  farm  buildings  near  the 
ends  of  the  path,  and  on  those 
occasions  when  the  wind  is  out  of 
northerly  or  southerly  directions, 
some  inhomogeneity  over  the  path 
can  be  seen.  The  exceptionally 
uniform  conditions  usually  found, 
however,  are  essential  to  make 
possible  comparisons  with 
theoretical  models  of  fluctuation 
phenomena.  The  overall  layout  of 
experimental  apparatus  is 
diagrammed  in  Fig.  1  and  shown  in 
an  aerial  photograph  in  Fig.  2. 


METEOROLOGICAL  FACILITIES 

Both  in  situ  and  path 
averaging  types  of  meteorological 
instrumentation  are  utilized  .-t 
this  site,  as  listed  in  Table  1. 
Two  data  collection  stations  have 
been  located  by  NOAA  at  sites  near 
the  propagation  path  and  400  and 
800  meters  from  the  receiver  van. 
These  are  connected  by  a  fiber 
optic  link  to  a  computer  network 
that  records  32-39  channels  of 
meteorological  data  as  well  as  the 
data  from  28  channels  of 
millimeter  wavelength  signals.  A 
third  station  emphasizing  particle 
measurements  was  erected  by  ASL 
near  the  receiver  trailer  during 
each  field  test  in  1984.  Data 
from  this  instrumentation  has  been 
logged  independently  and  only- 
rough  time  synchronization  has 
been  required. 

All  of  the  key  in  SitU 
instruments  have  been  placed  on 
towers,  such  as  tne  one  pictured 
in  Fig.  3,  at  the  same  height 
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Table  1. 

Meteorological  Instruments 
In  Situ 

Lyman  alpha  humidity  gauges 
Pine  wire  temperature  probes 
Three-axis  sonic  anemometers 
Wet  and  dry  bulb  psychfbmeters 
Vaisalla  humidity  gauges 
Barometer 

Propeller  anemometer 
Wind  Vane 
Pyronometer 

Weighing  bucicet  raingauges 
Particle  Scattering  probes 
(PMS-GBPP  and  Classical 
Scattering) 

Particle  Shadowgraph  probes 

(PMS  2D  Optical  Ray  Spectrometer 
Probes,  OAP-2D-P,C) 

Visiometer  (EG&G  type  207  forward 
scatter  meter) 


Figure  3.  Meteorological  Tower 

above  ground  as  the  propagating 
millineter  wavelength  beam.  Those 
probes  which  must  be  oriented  in  a 
particular  way  with  respect  to  the 
wind  are  mounted  on  rotatable 
booms  or  stands.  Fluctuations  of 
temperature^  humidity  and  wind 
velocity  can  be  measured  in  small 
volumes  of  air  at  rates  of  25-100 
times  per  second  and  can  be  used 
to  derive  the  microstructure  of 
clear  air.  The  temperature  probes 
are  positioned  in  the  same  small 
volumes  as  those  sensed  by  the 
high  speed  humidity  and  wind 
probes,  and  thus  important  cross¬ 
correlations  of  temperature  with 
these  quantities  can  be  derived. 
Unfortunately,  during  precipita¬ 
tion  occurences,  the  high  speed 
humidity  and  temperature  gauges 
must  be  disabled  for  their  protec¬ 
tion.  Precipitation  and  other 
particulate  counts  and  spectra  are 
obtained  from  probes  that  monitor 
scattered  light  in  small  volumes 
[3],  from  shadowgraphs  (3]  and 
from  path-averaging  laser  rain 
gauges  [4].  Results  from  the 
scattering  probes  can  be  obtained 
as  often  as  once  every  second. 
This  may  make  it  possible  in 
future  investigations  to  derive  a 
rough  microstructure  of  particu¬ 
lates. 


Although  precautions  have 
been  taken  to  obtain  a  homogeneous 
path  which  can  be  characterized  by 
a  relatively  small  number  of 
meteorological  stations,  it  is 
important  to  be  able  to  check  on 
the  relationship  of  these  sites  to 
conditions  over  long  paths.  The 
path  averaging  instrumentation 
shown  in  Fig.  1  affords  opportuni¬ 
ties  for  such  comparisons.  In 
addition  to  the  laser  rain  moni¬ 
tors  mentioned  above,  near  in¬ 
frared  scintillometers  have  been 
configured  as  path-averaging  opti¬ 
cal  and  cross-wind  systems 
[5].  Tney  provide  an  alternative 
measure  of  the  atmospheric 
temperature  (or  density)  structure 
and  mean  cross-wind  speed. 


MILLIMETER  WAVE  FACILITIES 

The  transmitter  and  receiver 
subsystems  were  housed  in  vans  so 
that  they  could  be  built  and 
tested  at  Georgia  Tech  and  then 
transported  to  the  selected  site. 
Once  there,  semi-permanent 
installations  were  made  at 
concrete  implacements  which  gave 
optically  stable  configurations  of 
the  antennas.  The  reader  may  refer 
to  (6-91  for  further  details. 

Transmitter 

The  transmitter  comprises  a 
phase-locked  klystron  tube  feeding 
a  specially  designed  antenna. 
Several  tubes  have  been  obtained 
in  order  to  conduct  measurements 
at  frequencies  of  116.3,  118.75, 
120.75,  142  and  173  GHz.  There  is 
no  provision  for  simultaneous 
measurements  at  multiple 
frequencies,  and  at  least  half  a 
day  is  required  to  change  the 
frequency  of  the  overall  system. 
Comparisons  of  results  at 
different  frequencies  have  been 
possible,  given  the  availability 
of  detailed  meteorological  data 
through  which  similar  atmospheric 
conditions  can  be  identified. 
However,  some  types  of  weather 
have  been  sufficiently  infrequent 
that,  for  example,  different  types 
of  snow  have  been  seen  at  the 
various  klystron  frequencies. 

The  transmitter  antenna  is  an 
off-axis  rectangular  section  (610 


X  152  mm)  of  a  paraboloid 
reflector,  front-fed  by  an  E-plane 
corrugated  rectangular  horn.  The 
shape  of  the  antenna  causes  the 
millimeter  wave  beam  to  be  spread 
out  horizontally  and  to  be  narrow 
vertically.  This  efficiently 
fills  the  receiver  array  which  is 
10  meters  in  horizontal  extent  and 
1.43  meters  in  vertical.  Low  side- 
lobe  levels  have  been  achieved  by 
the  use  of  corrugations  in  the 
feed  and  absorbing  material  on  the 
periphery  of  the  large  reflector. 
A  fixed  horizontal  (E-plane) 
polarization  is  transmitted  for 
compatibility  with  the  receiver 
where  there  was  a  slight  design 
preference  for  this  polarization. 
Consideration  is  currently  being 
given  to  the  addit  i*o  n  of 
polarization  versatility  through 
the  use  of  optical  waveplates  for 
future  measurements.  This  would 
enable  measurements  to  be  made  of 
differences  in  the  millimeter  wave 
fluctuations  for  a  few  types  of 
polarization,  differences  which 
might  be  expected  particularly 
during  falling  snow. 

As  shown  in  Pig.  4,  the 
antenna  is  mounted  on  a  pedestal 
which  goes  through  the  floor  of 


the  surrounding  van,  down  to  a 
concrete  pad  which  provides 
stabilty  in  pointing  the  antenna. 
Mot  shown  ate  the  boresighted 
gunsight  and  He  Ne  laser  used  for 
intial  aiming,  not  the  h  i  g h 
density  polyethylene  window  on  tne 
rear  of  the  van  through  which 
transmissions  are  normally  made. 

Receiver  Array 

Since  it  is  desired  to 
measure  not  only  intensity 
fluctuations  but  also  fluctuations 
in  angle  of  arrival,  it  is 
necessary  to  employ  an  array  of 
receiver  antennas.  Then  by 
measuring  the  fluctuating  relative 
phase  of  signals  from  the 
antennas,  angle  of  arrival 
variations  can  be  determined. 

Each  antenna  in  the  array  is 
a  305  mm  diameter  high  density 
polyethylene  lens  fed  by  a  conical 
corrugated  horn.  Beam  widths  in 
the  frequency  range  covered  are 
between  7  and  10  mrad.  The  aim 
point  of  the  antennas  is  steered 
by  large  optical  quality  diagonal 
mirrors,  and  stable  pointing  is 
achieved  by  the  support  structure 
that  comprises  a  large  I-beam 
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resting  on  two  pillars  anchored  to 
concrete  padSr  as  illustrated  in 
Fig.  5.  Alignment  with  the  trans¬ 
mitter  was  achieved  in  two  steps. 
Pirstf  each  polyethylene  lens  was 
replaced  with  a  smaller  clear  lens 
of  the  same  focal  length  and  a 
preliminary  visual  alignment  made. 
Then  the  polyethylene  lenses  were 
replaced  and  the  millimeter  wave 
signal  levels  maximized. 

The  array  may  be  termed 
nonredundantf  since  any  pair  of 
antennas  has  a  unique  spacing  for 
which  the  relative  phase  of 
signals  can  be  measured.  The  six 
intervals  in  the  horizontal 
direction  are  1.43,  2.86,  4.29, 

5.71,  8.57  and  10  meters, 

intervals  which  are  also  nearly 
uniformly  distributed.  Results 
have  shown  that  these  array 
dimensions  span  the  range  of 
transverse  coherence  lengths 
observed  in  conditions  of  moderate 
to  strong  turbulence.  As  may  be 
seen  in  Fig.  5,  one  antenna  is 
located  1.43  meters  below  the 
others  and  has  been  used  to  make  a 
limited  number  of  measurements  of 
vertical  angle  of  arrival 
fluctuations  for  comparison  with 
the  more  detailed  study  of 
horizontal  fluctuations. 


Lens  Beam  Waveguide  LO  Distribution 


Phase  measurements  are  accom¬ 
plished  with  superheterodyne 
receivers  at  each  antenna  which 
share  a  common  local  oscillator 
signal.  Post-mixer  signal  process¬ 
ing  will  be  described  in  a  later 
section.  The  mixers  used  are  of 
the  harmonic  type  and  klystrons  at 
half  the  frequency  of  the  trans¬ 
mitter  produce  the  local 
oscillator  signals.  The  combina¬ 
tion  of  the  limited  power 
available  and  the  large  array  size 
over  which  the  LO  must  be  distri¬ 
buted  makes  a  high  efficiency 
distribution  system  essential. 
Losses  in  long  runs  of 
conventional  waveguide  may  be 
shown  to  be  too  high. 

Instead,  a  series  of  relay 
lenses,  termed  a  lens  beam 
waveguide  [10],  was  chosen  to 
distribute  the  LO.  •  Corrugated 
conical  horns  couple  the  LO  into 
and  out  of  the  beam  waveguide  and 
produce  a  beam  with  a  Gaussian- 
shaped  field  profile.  The  run 
between  the  source  and  the  most 
distant  antenna  involves  fifteen 
lenses,  and  along  such  a  run, 
electroformed  mesh  beamsplitters 
split  off  LO  power  for 
intermediate  antennas. 


Figure  5.  Receiver  Van 


Signal  Combining 


In  both  the  tranmitter  and 
receiver,  the  klystron  tubes  were 
phase-locked  to  permit  the  use  of 
a  narrow  receiver  bandwidth  that 
improves  the  signal  to  noise  ratio 
of  reception.  The  klystrons  were 
locked  to  solid  state  X-band 
sources  which  were  in  turn  locked 
to  stable  oscillators  111,121.  h 
lock  of  the  transmitter  and 
receiver  together  has  not  been 
implemented  so  only  relative 
phases  between  antennas  may  be 
determined.  Double  superhetero¬ 
dyne  conversion  has  been  used  with 
IPs  of  930  and  30  MHz  and  a  band 
width  of  3  MHz.  Fig.  6  is  a  block 
diagram  of  one  channel  of  the 
receiver  array,  showing  also  a 
variable  attenuator  and  phase 
shifter  used  for  initial  trimming 
of  the  array  and  calibration. 


Figure  6.  Block  Diagram 

of  Receiver  System 

To  get  a  measure  of  the  phase 
difference  in  the  signals  arriving 
at  two  antennas,  the  signals  are 
mixed  in  a  2-way  signal  combiner 
from  which  the  combined  output 
power  (or  intensity)  is  given  by 


w'h  ere  and  1 2  are  the 

intensities  at  antennas  1  and  2 
alone,  pis  the  degree  of 
coherence  and  is  equal  to  unity  to 
good  approximation ,  r  is  the 
separation  of  the  antennas,  and 
is  the  phase  difference 
between  the  signals.  In  this  last 
quantity,  B  is  the  part  introduced 
by  the  atmosphere  and  a  that  due 
to  phase  differences  caused  by  the 
instrumentation.  Four  different 
combinations  of  the  signals  from 
two  antennas  are  made  with  a  set 
to  give  0,  90,  180  and  270  degree 
shifts,  denoted  by  the  subscript  n 
in  the  above  equation.  Then  the 
atmospheric  phase  shift  0  can  be 
found  from 

6  «  tan  ^  I  (l9o"l270^ ^^0“^180^  ^  • 

Fig.  7  shows  a  section  of  the 
network  where  the  signals  from 
antennas  1  and  2  are  combined.  The 
phases  of  each  receiver  input  are 
shifted  through  0,  90,  180  and  270 
degrees  by  quadripole  network 
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nodules.  Each  of  these  outputs  in 
turn  passes  into  a  3-way  power 
splitter  whose  outputs  are 
combined  with  the  proper  ones  from 
the  other  receivers  in  the  2-way 
combiners.  This  gives  a  total  of 
24  mixed  signals,  corresponding  to 
4  possible  phase  combinations  for 
each  of  6  possible  antenna  pairs. 
The  4  signal  intensities  Ijr 

etc.,  are  also  monitored.  All 
intensities  are  detected  by 
ordinary  video  detectors  followed 
by  signal  conditioners,  amplifiers 
and  analog  to  digital  conversion. 
The  resulting  28  millimeter  wave 
measurements  are  recorded  at  a 
rate  of  100  sets  per  second  by  a 
microcomputer  and  stored  on 
magnetic  tape  along  with 
meteorological  data  from  the  fiber 
optic  link.  A  parallel  processor 
on  the  computer  network  calculates 
$  in  real  time  for  output  to  chart 
recorders. 

RESULTS 

Snow 

Snow  fall  occurred  during 
field  tests  on  the  occasions 
briefly  described  in  Table  2.  The 
storm  in  the  period  February  27- 
28,  1984  was  the  most  severe  and 
is  the  only  one  for  which 
sufficient  data  analysis  has  been 
done  to  permit  discussion  here. 
The  frequency  used  at  that  time 
was  116.3  GBz.  It  is  believed  to 
be  representative  of  the  largest 
effects  seen  so  far. 

Table  2. 

Snow  Dates  During 
Fluctuation  Measurements 


No  Hours  of  Frequency 
Dates  Measurements  (GHz) 

11/13/83  1  116.3 
12/02/83  2  116.3 
12/06/83  3  173.0 
2/27-28/84  7  116.3 

The  storm  began  at 
approximately  0730  on  the  morning 
of  the  27th  and  continued  through 
the  night  until  the  following 


morning.  Total  snow  fall  was  200- 
300  mm,  as  recorded  by  a  weighing 
bucket  rain  gauge  modified  to 
collect  snow  and  corrected  for  the 
known  wind  velocity.  The  wind  was 
approximately  out  of  the  north  at 
a  mean  speed  of  15  m/s,  with  gusts 
to  20  m/s,  during  the  first  day. 
Temperatures  were  in  the  range  -3 
to  -6  degrees  Celsius,  and  thus 
the  snow  was  dry.  Early  in  the 
storm  the  snow  took  the  form  of 
moderate  sized  flakes  of  a  few 
millimeters  in  diameter,  but  as 
the  storm  progressed,  more  and 
more  snow  was  added  in  the  form  of 
smaller  crystals  from  ground 
blizzards.  Fig.  8  shows  particle 
spectra  obtained  from  the  "ground- 
based  precipitation  probe"  13]  at 
a  time  when  the  storm  was  well- 
developed  on  the  27th  and  another 
from  the  28th  when  the  snow  had 
subsided  to  mainly  ground 
blizzards.  Due  to  the  high  wind 
speed  it  is  difficult  to  interpret 
the  shadowgraphs  from  the  2D 
particle  probes  and  thus  hard  data 
on  mean  particle  orientations  are 
not  as  yet  available.  However, 
visual  observations  at  the  time 
suggested  that  the  gusty  winds 
were  producing  fairly  random 
orientations  of  the  flakes  with 
respect  to  the  millimeter  wave 
polarization.  The  high  winds  also 
posed  another  problem;  namely, 
that  it  was  approximately  aligned 
with  the  propagation  path.  Such 
alignment  not  only  leads  to  some 
inhomogeneity  over  the  path  but 
also  to  some  difficulties  in 
theoretical  interpretation,  since 
the  disturbances  causing  fluctua¬ 
tions  are  not  carried  into  and  out 
of  the  beam  during  their  lifetime, 
as  they  would  be  when  there  is  a 
cross  wind.  This  is  not  believed 
to  be  a  significant  consideration 
for  the  semi-qualitative  results 
to  be  discussed  here.  At  the  time 
of  writing,  much  remains  to  be 
done  concerning  detailed  analysis 
of  both  meteorological  data  and 
millimeter  wave  data.  As  men¬ 
tioned  earlier  some  meteorolgical 
data,  such  as  humidity  and 
temperature  fluctuations,  are  not 
currently  possible  to  obtain 
during  storms.  As  it  happens, 
when  the  wind  is  high,  it  is  also 
not  possible  to  measure  wind 
fluctuations  at  high  data  rates. 
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Figure  8.  Snow  Flake  and  Ice  Crystal  Size  Spectra. 


Representative  records  of  the 
intensity  fluctuations  seen  on  two 
of  the  antennas  are  shown  in  Fig. 
9.  Relative  phase  fluctuations  as 
a  function  of  the  antenna 
separation  are  shown  in  Fig.  10 
for  different  portions  of  the 
storm  and  relative  intensity 
fluctuation  levels  ate  given  in 
Table  3.  Curve  1  corresponds  to 
the  time  when  the  snow  was  just 
beginning  and  for  curve  2,  the 
storm  had  significantly  intensi¬ 
fied  (specific  snowfall  rates  are 
unavailable  at  the  present  time). 
Curve  3  obtained  from  data  on  the 
28th  shows  results  in  ground 
blizzard  conditions  and  the  fluc¬ 
tuation  levels  are  lower.  The 
vertically  displaced  antenna  5 
rather  than  4  (see  Fig.  1)  was 
operational  during  these 
operations  thus  limiting  somewhat 
the  range  of  antenna  separations 
available.  Generally  fluctuations 
associated  with  antenna  5  were 
larger,  as  expected,  due  to  its 
closer  proximity  to  the  ground 
where,  for  example,  the  snow 
density  is  larger.  The  fluctua¬ 
tions  levels  presented  for  falling 
snow  conditions  were  at  least  a 
factor  of  two  higher  than  those 
found  in  clear  air  preceding  the 
storm.  Without  data  on  tempera¬ 
ture  and  humidity  fluctuations, 
however,  it  cannot  be  said  that 


Table  3. 


Typical  Fluctuation  Levels  In 
Millimeter  Wave  Propagation 


Standard  Deviations 


Angle  of 

Intensity  Arrival 


Condition  (Per  Cent)  (urad) 


Sumner  Daytime 
Clear  Air  7.4 


Snow 

-Near  Start  1.9 
-Blizzard  2.4 
-Ground 

Blizzard  1.4 


Winter  Rain  1.0 


Winter  Fog 


Based  on  Z(!l-8econd  slices  of 
data;  i.e. ,  2000  data  points. 


the  observed  increase  in  fluctua¬ 
tions  during  snow  storms  are  due 
to  the  snow  or  to  the  accompanying 
air.  However,  snow  flakes  may  be 
expected  to  make  a  contribution, 
by  analogy  with  rain  models  [13]. 
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Figure  9.  Observed  Intensity 

Fluctuations  in  Snow. 


In  the  days  following  the 
snow  storm,  the  air  remained 
generally  below  the  freezing 
point,  except  for  one  brief  period 
of  melting  followed  by  refreezing. 
This  produced  a  layer  of  ice  on 
top. of  the  snow  about  5-10  mm 
thick,  and  shortly  thereafter, 
contributions  to  the  level  of 
fluctuations  due  to  multipath 
propagation  were  observed.  (It 
happened  that  a  change  was  made  to 
a  frequency  of  142  GHz  at  this 
juncture.)  Since  the  wind  during 
the  storm  had  been  out  of  the 
north  and  blowing  past  the 
receiver  trailer,  large  areas  of 
soil  were  left  bare  in  its  lee  out 
as  far  as  300  meters.  This 
resulted  in  some  variation  in  the 
ground  cover  seen  by  the  different 
antennas  in  the  array,  arid  the 
multipath  effects  were  then 
spotted  as  they  showed  up  in  some 
antennas  more  than  others. 
Fluctuations  levels  sometimes 
differed  by  factors  of  two.  The 
existence  of  multipath  propagation 
was  confirmed  by  moving  absorbers 
around  near  the  ground  where  the 
antenna  patterns  were  strongest 
and  by  noting  the  resulting 
variations  in  signal.  Since  it 
was  not  clear  how  to  characterize 
the  multipath,  it  was  subsequently 
defeated  by  erecting  three 
multipath  fences  made  from 
plywood.  During  the  recent 
exercises  in  the  summer  of  1984, 
tests  for  multipath  were  again 
made  when  the  soybean  crop  was  a 
few  weeks  old  and  both  soil  and 
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Figure  10.  Observed  Phase  Differ¬ 
ence  Fluctuations  at 
116.3  GHz  as  a  Function 
of  Antenna  Separation. 
Curve  1  -  early  in  snow 
storm.  Curve  2  -  storm 
well-developed.  Curve  3- 
storm  reduced  to  ground 
blizzards.  Curve  4  - 
summer  clear  air  for 
comparison. 


leaves  were  visible.  As  expected, 
no  indicators  of  multipath  effects 
were  found. 

Clear  Air 

It  is  important  to  try  to  put 
the  snow  results  in  the  context  of 
their  relation  to  findings  for 
clear  air.  It  has  been  found  that 
the  largest  fluctuations  in  both 
intensity  and  phase  occur  in  the 
summer  when  the  atmosphere  is  hot 
and  humid.  Fluctuations  are 
especially  large  when  the  sun 
comes  out  after  a  rainfall  or  when 
the  soybean  plants  are  large 
enough  to  give  up  large  amounts  of 
water  vapor  by  transpiration. 
Fig.  11  shows  intensity 
fluctuations  at  142  GHz  measured 
on  a  clear  morning  after  a  light 
rainfall  (“3  mm)  the  previous 
night,  and  Fig.  12  shows  the 
corresponding  phase  fluctuations 
measured  between  the  antennas  with 
the  largest  spacing.  Large 
fluctuations  of  this  kind  were 
common  in  the  summer,  and  even 
larger  ones  were  occasionally 
found  with  peak  to  peak  phase 
swings  of  two  pi.  However,  during 
dry  periods  such  as  part  of  June 
1984,  humidity  fluctuations  and 
millimeter  wave  transmission 
fluctuations  were  significantly 
lower,  despite  exceptionally  large 
fluctuations  in  temperature  (as 
much  as  8  degrees  peak  to  peak  in 
periods  of  a  few  seconds).  This 
qualitatively  demonstrates  the 
expected  (14]  key  role  of  water 
vapor  in  determining  the  size  of 
millimeter  wave  effects. 

Since  in  the  winter  the 
absolute  humidity  and  its 
fluctuations  are  generally  much 
smaller  than  in  the  summer,  clear 
air  turbulence  causes  correspond¬ 
ingly  smaller  millimeter  wave 
effects. 

Preliminary  studies  at  SNOW- 
ONE  [1]  and  in  Illinois  in  the 
summer  of  1983  when  clear  air  was 
present  appear  to  confirm  the 
expectation  that  intensity  fluc¬ 
tuations  in  millimeter  wave 
signals  depend  on  frequency  to  the 
7/6  power. 

The  array  of  antennas  affords 
an  additional  capability  besides 
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Figure  11.  Intensity  Fluctuations 
of  a  142  GHz  signal 
measured  on  a  hot, 
humid  day. 


Figure  12.  Phase  Fluctuations 

measur''d  under  the  same 
conditions  as  Figure  11. 


that  of  relative  phase  measure¬ 
ments.  It  is  well-established  at 
visible  and  near-infrared  wave- 
lenths  that  cross  winds  may  be 
measured  by  cross-correlating  the 
intensity  fluctuations  seen  by  a 
pair  of  receivers  [5],  The  wind 
carries  the  turbulent  eddies 
across  the  beam  and  the  time  for 
this  traversal  shows  up  as  the 
time  delay  for  which  the  correla¬ 
tion  of  intensity  fluctuations  is 
maximum.  This  general  technique 
is  the  basis  of  the  near  infrared 
scintillation  cross  wind  sensors 


TIME-LAGGED  CORRELATION  COEFFICIENT  OF  INTENSITY 

FROH  1  nIN  Of  DATA  AT  172.91  GHZ 
I  MEAN  CROSSMINO  SPEED  9.7  m/S 
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Figure  13.  Cross  correlatioit  of  millimeter  wave  intensity 

fluctuations  gives  a  measure  of  cross-wind  speed. 


which  are  operated  on  the  site  and 
which  were  mentioned  earlier. 
Fig.  13  demonstrates  this  same 
sort  of  analysis  applied  to  the 
millimeter  wave  signals  seen  at 
antennas  1  and  2  and  1  and  3.  A 
clear  maximum  is  found  and  the 
mean  cross  wind  speed  'can  be 
calculated  from 

Vj,-.5r/T 

whereris  the  lag  time  of  the 
maximum  correlation.  A  value  of 
4.7  m/sec  is  found,  in  excellent 
agreement  with  that  obtained  from 
the  average  data  from  the  prop  and 
vane  sensors  at  the  two 


Fog  and  Rain 

These  will  be  treated  only 
briefly  to  complete  a  contextual 
picture  for  the  snow  data.  The 
types  of  fog  observed  so  far  in 
Illinois  have  been  set  not 
surprisingly  in  very  quiet  atmos¬ 
pheric  conditions.  This  is  born 
out  by  the  intensity  fluctuations 
shown  in  Fig.  14  and  by  the  data 
in  Table  3.  The  visibility  during 
this  period  was  approximately  200 
m  based  on  the  visibility  of 
objects  at  known  distances  from 
the  receiver  trailer. 

A  preliminary  look  at  data  on 
rain  has  also  been  taken  as 


meteorological  stations  along  the 
path.  Further  development  of  this 
concept  is  underway  to  apply  it 
also  in  adverse  weather  when 
infrared  systems  are  shut  down  by 
atmospheric  opacity.  It  is  anti¬ 
cipated  that  in  precipitating  con¬ 
ditions,  some  correlation  may  also 
be  found  between  vertically  sepa¬ 
rated  EUitennas  giving  some  measure 
of  fall  rates. 


illustrated  by  the  intensity 
traces  in  Fig.  15.  This  shows  a 
relatively  brief  shower  which  had 
a  peak  rain  rate  of  about  60 
mm/hr.  Under  these  circumstances 
the  signals  were  below  the 
threshold  of  detection.  It  was 
noted  in  rain  events  similar  to 
this  that  intensity  fluctuations 
would  increase  in  level  and  fre¬ 
quency  at  the  start  of  a  shower 


RELATIVE  ROWER,  LINEAR  SCALE 


and  in  many  cases  would  remain 
higher  after  the  storm  than 
before.  One  would  presume  that 
the  change  in  the  level  of  fluc¬ 
tuations  is  due  to  increased 
humidity  fluctuations,  but  further 
analysis  will  be  necessary  to 
confirm  this.  The  increase  in  the 
frequency  of  fluctuations  is 
expected  from  models  of  precipi¬ 
tation  effects  [13]  as  well  as 
from  normal  increases  in  wind 
speed  that  often  occur  at  the 
onset  of  a  shower.  The  fluctua¬ 
tion  levels  quoted  in  Table  3  for 
rain  pertain  to  a  steady  rain 
period  in  the  winter;  good  values 
for  rain  cate  have  not  as  yet  been 
derived  for  this  particular  data 
but  would  probably  be  in  the 
ballpark  of  several  mm/hr.- 


Figure  14.  Intensity 
Fluctuations  measured 
during  a  heavy  fog  at 

142  GHZ. 
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Figure  15.  Intensity  changes 
measured  at  173  Oiz  during  a 
heavy  rain. 
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DISCUSSION  AND  CONCLUSIONS 
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The  relative  importance  of 
various  atmospheric  conditions  as 
regards  typical  levels  of  fluctua¬ 
tions  in  millimeter  wave  propaga¬ 
tion  is  borne  out  by  the  entries 
of  Table  3.  This  suggests, 
interestingly  enough,  that  the 
aiming  precision  of  millimeter 
wave  systems  will  be  most  effected 
by  what  goes  on  in  hot,  humid 
climates.  The  largest  angle  of 
arrival  fluctuations  which  have 
been  seen  so  far  (at  142  GHz)  have 
been  about  400  microradians  peak 
to  peak  and  the  corresponding 
intensity  fluctuations  represent 
changes  in  signal  of  45  percent 
peak  to  peak.  Smaller  fluctua¬ 
tions  in  the  winter  are  found,  due 
presumably  to  there  being  less 
water  vapor  present.  What  is 
perhaps  more  significant  for 
millimeter  wave  system  applica¬ 
tions  is  that  in  adverse  weather, 
fluctuation  levels  are  also 
moderate,  and  indeed  in  fog,  they 
are  generally  very  small. 

There  are  a  few  caveats  to 
this  as  regards  precipitation, 
however.  One  must  remember  that 
the  fluctuation  frequencies  are 
expected  to  be  higher  when  its 
raining  or  snowing  than  otherwise 
and  this  may  effect  some 
millimeter  wave  systems  involving 
servo-controls  differently  than 
the  slower  clear  air  case.  One 
must  be  reminded  also  that  it  has 
not  yet  been  possible  to  observe  a 
heavy  snow  with  a  good  cross-wind 
nor  a  wet  snow  fall,  and  such  a 
cases  may  have  larger  fluctua¬ 
tions.  Moreover,  the  relative 
sensitivities  to  polarization 
remain  to  be  demonstrated  as 
regards  fluctuation  level. 

Much  work  also  remains  in 
relating  the  details  of  the  meteo¬ 
rological  data  to  the  millimeter 
results,  and  in  making  comparisons 
with  theory  [14],  It  may  be  hoped 
in  the  future  that  millimeter 
systems  may  take  a  place  alongside 
infrared  systems  for  remote 
probing  of  mean  atmospheric 
conditions  over  long  paths. 
Millimeter  waves  would  be  comple¬ 
mentary  in  a  key  way  on  account  of 
their  sensitivity  to  water  vapor 
and  their  relatively  lower  suscep¬ 
tibility  to  blockage  by  fog. 
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Introduction 

Since  1983,  Georgia  Tech,  NOAA  and  the 
U.S.  Army  Atmospheric  Sciences  Laboratory 
have  been  engaged  in  a  program  whose 
purpose  is  to  measure  fluctuations  in 
millimeter  wave  signals  due  to  atmospheric 
turbulence,  precipitation  and  fog  [1,2]. 
Five  measurement  sessions  have-  been 
conducted  that  have  sampled  atmospheric 
conditions  in  a  variety  of  seasons. 
Frequencies  of  particular  interest  for 
their  potential  uses  in  higher  precision 
imaging  systems  have  been  studied;  namely, 
116,  118,  142,  173  and  230  GHz.  These  span 
a  range  of  situations  including  windows 
between  lines  and  regions  near  line 
centers.  The  measurements  have  been  made 
over  a  1.4  km  path  at  a  site  near  Urbana, 
Illinois,  chosen  for  its  exceptional 
flatness.  It  is  Important  that  the  path 
and  surrounding  terrain  be  flat, 
homogeneous,  and  free  of  trees  or  other 
obstructions,  so  that  the  turbulence  will 
not  be  perturbed  by  such  irregularities. 
During  this  ser-les  of  experiments, 
rigorous  meteorological  measurements  have 
also  been  obtained. 

At  a  previous  conference  in  this  series, 
the  equipment  used  and  preliminary  results 
were  described  [3,4].  The  following 
sections  briefly  review  the  experimental 
arrangements  and  focus  on  subsequent 
significant  improvements  in  the  experiment 
and  on  progress  in  analyzing  the  data. 

Transmitter  System 

Phase-locked  reflex  klystrons  are  used  as 
both  transmitters  and  receiver  local- 
oscillators,  with  the  exception  of  the 
recently  added  230  GHz  system  which  uses  a 
phase-locked  cw  extended  interaction 
oscillator  as  the  transmitter.  Phase 
locking  of  the  sources  is  necessary  for 
three  reasons:  1)  it  Improves  amplitude 
stability  of  the  source  so  that  the 
transmitter  power  variations  are  less  than 
the  smallest  atmospherically  induced 
fluctuations,  2)  it  narrows  the  bandwidth 
and  therefore  improves  the  detection 
..ignal-to-noise  ratio,  and  3)  it  aids  in 
^ystem  calibration  because  the  receiver 
-ccond  intermediate  frequency  (IF)  output 
3  a  very  stable  sine  wave.  Recent 
■  provements  in  this  system  are  described 
sewhoce  in  this  conference  [51 . 


The  primary  transmitter  antenna  is  an 
offset  paraboloid  with  an  elliptical 
aperture.  This  gives  a  fan  beam  filling 
the  receiver  array  (which  is  much  wider 
•horizontally  than  vertically).  The 
transmitter  is  mounted  on  a  pedestal 
secured  to  a  concrete  pad  in  the  ground 
and  is  housed  in  a  small  step-van  truck. 
This  in  turn  was  located  on  a  berm  that 
brought  the  transmitter  height  up  to  3.5m, 
the  same  as  the  center  of  the  receiver 
array.  The  transmitter  was  aimed  through 
a  high  density  polyethylene  window  in  the 
rear  door,  protected  by  an  awning. 

Receiver  System 

The  receiver  comprises  four  apertures  with 
individual  mixers  and  with  separations 
varying  from  1.4  to  10  meters  so  that  a 
wide  range  of  atmospheric  scale  sizes  can 
be  considered  in  the  determination  of 
fluctuation  effects.  Local  oscillator 
power  at  nearly  half  the  signal  frequency 
is  distributed  to  the  harmonic  mixers  via 
a  low-loss  optical  beam  waveguide  system. 
The  receivers  use  double  down-conversion, 
and  the  second  IF  signals  from  the  six 
possible  pairs  of  receivers  in  the  array 
are  combined  in  such  a  way  that  the  mutual 
coherence  function  can  be  measured.  Both 
amplitude  and  angle  of  arrival 
fluctuations  are  therefore  determined. 
These  measurements  are  stored  on  magnetic 
tape  at  a  rate  of  100  per  second  along 
with  readings  from  meteorological 
instruments  by  the  data  acquisition 
computer.  In  recent  work,  the  ability  to 
vary  the  polarization  of  the  transmitted 
and  received  radiation  has  been  added,  of 
possible  intr-est  during  observations  of 
falling  snow. 

The  receiver  antennas  are  high  density 
polyethylene  lenses  aimed  by  gimballed 
diagonal  mirrors  through  high  density 
polyethylene  windows.  The  four  receivers 
and  the  optical  beam  waveguide  are  mounted 
to  a  large  I-beam  secured  to  concrete  pads 
in  the  ground  by  two  pillars.  The  entire 
receiver  system  is  housed  in  a  semitrailer 
that  is  insulated,  heated  and  air 
conditioned  for  all-weather  operation.  The 
mounting  to  the  ground,  rather  than  to  the 
floor  of  the  trailer,  was  intended  to  give 
the  sensitive  array  isolation  from 
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vibrations.  However,  in  recent  analyses, 
some  oscillations  in  the  phase  between 
antennas  characteristic  of  vibrations  in 
the  ground  have  been  Identified. 

Meteorological  Instromentation 

The  parameters  measured  simultaneously 
with  the  millimeter  wave  data  have  been 
temperature,  humidity,  3-dimensional  wind 
velocity,  temperature  and  humidity 
structure,  and  particl  e  size  spectra. 
These  have  been  sampled  at  or  near  the 
same  height  as  the  millimeter  wave  beam 
and  at  three  locations  along  the  path. 
In  addition,  near  Infrared  optical 
fluctuations  were  observed  from  which 
structure  functions  and  path  averaged  wind 
values  were  determined.  Most  of  this  data 
has  been  relayed  to  the  computer  in  the 
receiver  trailer  by  a  fiber  optic  link. 
The  results  are  being  used  to  facilitate 
comparisons  between  the  millimeter 
wave  measurements  and  theory  (!]. 

Kesolts 

Ana.lysis  of  the  massive  amounts  of 
propagation  and  meteorological  data  is 
still  underway  but  several  significant 
results  can  be  reported.  Intensity 
fluctuation  range  from  near  zero  in  fog  to 
about  50%  (peak  to  peak)  of  the  nominal 
signal  Intensity  on  a  hot  day  with  moist 
ground.  Short  term  fluctuations  in  rain 
and  snow  fall  somewhere  in  between  these 
two  extremes. 

Phase  fluctuations  between  the  most  widely 
spaced  antennas  have  been  observed  up  as 
high  as  plus  and  minus  pi  radians  on  warm, 
humid  days,  corresponding  to  angle  of 
arrival  fluctuations  of  about  200 
mlcroradlans  peak  to  peak. 

It  appears  that  the  log  amplitude  variance 
of  the  fluctuations  increases  with 
frequency  as  the  7/6  power,  as  predicted 
by  theory.  No  striking  changes  in  this 
have  yet  been  noted  at  frequencies  near 
absorption  line  centers.  The  distribution 
of  intensity  fluctuations  appears  to  be 
log-normal,  and  that  of  phase 
fluctuations,  normal,  also  predicted  by 
theory. 

It  has  been  verified  that  water  vapor  in 
the  atmosphere  has  a  strong  effect, 
frequently  causing  the  millimeter  wave 
index  of  refraction  structure  parameters 
to  be  a  few  orders  of  magnitude  larger 
than  those  in  the  visible  and  Infrared. 
Some  preliminary  comparisons  between  the 
observed  millimeter  wave  structure  and 
that  predicted  from  the  meteorological 
measurements  and  theory  will  be  discussed 
in  the  presentation.  Comparisons  will 
also  be  made  between  the  phase  and 
amplitude  fluctuations  in  clear  air  and 
precipitation. 


Conclusions 

In  any  program  of  measurements  of 
atmospheric  effects  on  propagation,  the 
question  must  be  asked  whether  system 
performance  is  seriously  affected  by  what 
is  observed.  On  the  basis  of  the  results 
obtained  thus  far,  it  may  be  concluded 
that  turbulence  induced  fluctuations  and 
short  term  fluctuations  due  to 
precipitation  are  probably  not  very 
serious.  Intensity  fluctuations  affect 
signal  detection  probability,  but  only  at 
near  maximum  ranges  where  detection  may  be 
marginal  in  any  case.  Angle  of  arrival 
fluctuations  cause  angular  errors,  but 
this  effect  is  most  severe  in  clear 
wea'-her  where  sighting  methods  other  than 
millimeter  wave  systems  could  be  used. 
Nevertheless,  system  designers  will  want 
to  consider  the  results  of  this  study  to 
verify  whether  fluctuations  can  be 
neglected.  Of  interest  for  the  future  is 
the  possible  use  of  millimeter  wave  beams 
in  probing  atmospheric  structure.  Their 
sensitivity  to  water  vapor  will  be 
complementary  to  studies  with  infrared  or 
visible  light  which  are  more  sensitive  to 
the  temperature  structure. 
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Trihroductlon 

As  the  use  of  the  aillineter  wave 
(MMW)  bands  increases,  the  need  for  better 
spectral  control  of  sources  also  increases 
becau'-e  of  widening  application  of  this 
spectrua  to  Doppler  radar,  coaaunlcation, 
and  aeasureaent  systeas.  As  the  aillineter 
bands  becoae  aore  crowded,  better 
frequency  control  will  becoae  necessary  to 
avoid  interference.  There  is  also  a  real 
advantage  to  be  gained  in  source  power 
stability  by  phase-locking;  locked  sources 
typically  exhibit  output  power  stabilities 
of  a  few  tenths  of  one  percent.  Phase 
locking  of  NNW  sources  to  a  frequency 
standard  also  provides  the  basis  for  fre¬ 
quency  aeasurenents  which  are  perhaps  the 
aost  accurate  aeasurenents  of  any  physical 
quanUty  ever  aade,  with  accuracies  of  1  X 
lO'*^^  being  attainable.  Phase-Lock  cir¬ 
cuits  using  both  linear  and  digital  tech¬ 
niques  are  available  to  the  MMW  systen 
designer,  and  both  types  are  discussed  in 
this  paper  along  with  sone  typical  results 
obtained. 

Lia— I  rhaaa-Ufifc  CiicalU 

Linear  phase-lock  circuits  use  a 
aixer  for  phase  detection.  Even  though  the 
aixar  is  a  nonlinear  device,  its  output  as 
a  phase  detector  is  a  voltage  proportional 
CO  the  sine  or  cosine  of  the  phase 
difference  between  two  signals,  hence  it 
is  considered  linear.  The  phase  error 
voltage  output  is  anplified  by  an 
operational  anplifier  with  sone  desired 
coapensation  function  and  applied  to  the 
frequency  control  electrode  of  the  voltage 
controlled  oscillator  (VOO)  to  be  locked, 
thus  closing  the  phase-lock  loop  and 
locking  the  VCO. 

One  of  the  nost  successful  linear 
phase-locking  circuits  available  is  that 
devised  by  P.  (.  Henry  who  conbined  a 
discr ininatoc  loop  with  a  phase  control 
loop  to  give  the  circuit  a  wide  frequency 
capture  range.  The  diacrininator  is  a 
frequency  control  loop,  and  as  such  does 
not  give  spectral  purity  as  good  as  that 
attainable  with  phase  control.  The  phase 
loop  gives  excellent  spectral  purity,  but 
generally  has  a  narrow  frequency  capture 
range.  Henry's  circuit  coebinas  these  two 
functions,  so  that  the  phase  locking 
systee  has  the  broad  capture  range  of  the 
diacrininator  and  the  spectral  purity  of 
the  phase  loop.  The  circuit  is  designed  so 
that  the  phase  loop  la  disabled  when  the 
discrialnator  operates  and  vice  versa. 
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Digital  Phase-Lock  Technlattes 


A  technique  employing  digital 
circuits^  was  first  used  for  MMW  phase¬ 
locking  by  Pickett^,  and  has  recently  been 
extensively  used  at  Georgia  Tech.  Figure  : 
is  a  block  diagram  of  this  phase-lock 
circuit.  The  front  end  of  this  circuit  is 
an  em  i  1 1 a r -CO  up  1 ed  logic  (ECL) 
1 in i t e r/p r escal e r  that  divides  the 
frequency  of  the  incoming  IF  signal,  which 
is  typically  several 
Following  this  stage  is 
which  further  divides  the 
operating  range  of 
phaae/f requency  detector 
10  MBs.  This  detector*  c 


hundred  MHz. 
an  BCL  counter 
frequency  to  the 
the  digital 
generally  about 
compares  the  phase 


and  frequency  of  the  divided  IF  signal  to 
that  of  a  crystal  reference  oscillator  and 
outputs  two  pulse  width  modulated  signals 
whose  duty  cycle  is  proportional  to  the 
phase  error.  These  signals  are  fed  into  a 
differential  integrator  which  serves  as  an 
active  filter  for  loop  compensation  in 
addition  to  smoothing  the  phase  detector 
output.  The  phase- frequency  detector  also 
serves  as  a  discriminator,  since  its  out¬ 
put  will  be  at  a  maximum  duty-cycle  limit 
if  the  source  is  unlocked,  and  the  sense 
of  this  limit  is  determined  by  whether  the 
frequency  error  is  positive  or  negative. 


This  digital  phase-locking  technique 
has  several  advantages  over  the  older 
analog  techniques,  namely:  (1)  since  a 
limiter  is  used,  the  gain  of  the  phase 
detector  is  independent  of  source  (IF) 
power  within  the  dynamic  range  of  the 
limiter,  typically  2S  dB,  (2)  the  digital 
system  is  easier  to  compensate,  and  (3)  a 
convenient  lower  frequency  cc,,  stal 
reference  is  used  in  the  digital  lock. 


intTfacina  jja  Oifllt  fitaiitacy  luDaa 

The  frequency  control  grid  of  most 
NNH  tubes  is  at  high  potential.  Some  means 
must  be  used  to  sum  the  phase  lock  siinal 
with  the  high  voltage  from  the  tjbe  p<iwer 
supply.  An  optoisolato:  j  siir.  a. 

transformer  are  '  r  -»uai  tecnr-.  ..jjes 
esiployed . 

Owing  a  linear  optolsolator  with  the 
omtput  floating  at  high  voltage,  the  phase 
error  signal  can  be  superimposed  jn  the 
control  grid.  The  frequency  response  .f 
the  optolsolator  usually  must  oe  'asen 
Into  account  in  the  loop  -ompensat i  in . 
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iriMn  slfnal  tsMaforacis  «c*  •■ployed 
tb«  It  tlgnal  is  eoapled  across  to  the 
high  voltag*.  In  this  ease*  tb«  antira 
pbasa-lock  circuit  aust  float  at  high 
potential  requiring  a  substantial  isolated 
power  supply,  mis  technique,  while  being 
■ore  complicated,  does  have  an  important 
advantage;  the  bandwidth  can  be  much 
higher. 

teaulta 

In  spite  of  the  ease  of  fabrication 
and  the  better  reliability  of  the  digital 
phase-lock,  the  linear  phase-lock  system 
appears  to  perform  better  from  the  point 
of  view  of  phase  noise.  Figure  2  is  a 
photograph  of  the  spectrum  of  a  klystron 
operating  at  116  GHs  locked  with  the  Henry 
circuit’.  The  gratlcle  lines  are  obscured, 
but  the  horisontal  and  vertical  scales  are 
2  NHs/cm  and  10  dB/cm,  respectively,  in 
the  original  photograph,  which  has  been 
reduced  for  this  proceedings.  Figure  ’ 
shows  the  near-carrier  spectrum  of  the 
same  source,  and  the  scales  in  this  case 
•  re  5  Bs/cm  and  10  dB/cm,  with  the 
photograph  similarly  reduced.  Figure  4 
■hows  the  measured  phase  noise  in  the 
range  10  Hs  to  1  kBs  of  a  klystron 
oscillating  at  173  OHs  locked  by  the 
digital  system.  Bince  these  digital 
systems  have  been  in  use  at  Georgia  Tech 
for  only  a  short  time,  measured  results  of 
their  performance  are  limited. 

Conclusions 

It  is  possible  to  phase-lock  a  hmh 
source  so  that  its  line  width  is  less  than 
one  Bs,  and  it  is  also  possible  to  tune 
and  modulate  such  sources  while  locked. 
MNW  frequency  synthesisers  have  been  built 
at  frequencies  up  to  110  GBs  and  a  full 
waveguide  band  synthesiser  for  the  40-60 
GBs  range  has  been  fabricated  at  Georgia 
tech.  Linear  phase-locking  systems 
apparently  give  better  phase  noise 
performance,  but  are  more  difficult  to 
leplement  and  less  reliable  than  the 
digital  circuits.  It  should  be  emphasised 
that  many  applications  of  phase-locked 
sources  do  not  require  the  level  of  phase 
noise  performance  shown  in  Figures  2  end 
In  particular,  applications  requiring  a 
narrow  band  signal  for  reduction  of 
receiver  signal-to-noise  would  not  require 
such  performance.  For  the  large  majority 
of  applications,  the  digital  phase-lock  is 
ihe  system  of  choice  because  of  its 
•impllclty,  ease  of  implementation,  and 
rel lability. 
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abstract 

We  report  on  the  Initial  results  of  the 
Flatvllle  experiment  tdtere  several  millimeter  tmve 
frequencies  in  the  range  116  to  230  GHz  were  pro¬ 
pagated  over  a  1.4  km  path.  Extensive  documen¬ 
tation  of  the  site  meteorology  allowed  simul¬ 
taneous,  detailed  comparisons  of  the  propagation 
phenoMna  with  the  state  of  the  atmosphere.  The 
theory  for  amplitude  and  phase  difference  In  the 
single  scatter  approxlMtlon  Is  used  to  explain 
the  observed  spectra.  The  agreement  with  obser¬ 
vations  Is  very  close. 


INTRODUCTION 

Over  Che  past  four  years  a  team  of  sclenclata 
from  Che  National  Oceanic  and  Atmospheric  Adminis¬ 
tration  and  Che  Georgia  Institute  of  Technology 
conducted  an  extensive  see  of  mllllmeter-wave  pro¬ 
pagation  measurements.  In  five,  thirty-day  ses¬ 
sions,  chosen  for  the  widest  variety  of  weather 
conditions,  we  propegaced  millimeter  wave  frequen¬ 
cies  from  116  to  230  GHz  over  our  1.4  km  horizon¬ 
tal  path  In  Flatvllle,  Illinois.  Simultaneous, 


extensive  measurements  of  the  meteorology  allowed 
detailed  comparisons  of  the  propagation  effects 
with  Che  state  of  the  atmosphere. 

The  details  of  the  experiment  layout  and  data 
processing  are  contained  In  Reference  1.  Figure  1 
Illustrates  the  propagation  geometry.  The  beam 
propagated  1.4  km  -  4  meters  above  an  extremely 
flat  terrain,  chosen  for  Its  uniform  fetch  In 
all  wind  directions.  The  Intensity  fluctaatlons 
were  measured  at  each  of  Che  four  horizontally 
spaced  antennas  and  phase  differences  twre 
measured  among  all  possible  antenna  pairs  with 
spaclngs  from  1.43  a  to  a  10  m  maximum.  A  fifth 
antenna  was  used  Intermittently  to  test  the 
Isotropy  of  the  different  wave  parameter  fluc¬ 
tuations.  The  phase-difference  and  amplitude 
spectra  described  below  were  taken  at  142  GHz 
during  tha  Summer  of  1984.  Other  data  being  ana¬ 
lyzed  were  taken  during  two  wintet  and  one  fall 
sessions.  This  afforded  us  data  during  rain,  fog, 
snow,  and  ground  blizzards. 

FHASE  AND  AMPLITUDE  SPECTRA 

Using  Che  spherlcsl-wave  theory  for  propaga¬ 
tion  through  refractive  turbulence,  Clifford^ 


■yj 


•hows  that  Che  Cmporel  power  speccrua  of  log- 
eapllcude  fluctuations  In  the  single  scattering  or 
weak  turbulence  Halt  has  the  form  shown  labeled 
“theory'*  In  Pig.  2.  In  addition  Fig.  2  contains  a 
log-log  plot  of  (f/f  )  times  the  log-amplitude 
speccrua  W  versus  normalized  frequency  (f/f  ). 
The  apectrJk  W  Is  normalized  to  Che  log-ampllcSde 
variance  such  ^chat  the  area  under  .^he  curve  Is 
unity.  The  frequency  f  ■  v/(2»XL)*'  ,  where  v  Is 
Che  cross-path  component  of  windspeed,  X  la  the 
wavelength,  and  L  >  1.4  ka  Is  the  mllltaeter-wave 
path  length.  The  dotted  (solid)  fluctuating  curve 
represents  the  low  (high)  frequency  Fourier  trans¬ 
form  of  35  min  of  log-amplitude  data  taken  at  142 
GHz.  The  solid  “theory"  curve  fits  the  data  quite 
well  until  the  high  frequency  tall  beyond  log 
(f/f^)  •  1,  where  aperture  averaging  effects  are 
Important.  The  dashed  curve  la  a  plot  of  the 
theory  Including  aperture  averaging  effects; 
overall,  the  fit  to  the  data  Is  excellent.  De¬ 
viation  at  low  frequencies  above  the  “theory" 
curve  are  most  likely  due  to  receiver  amplifier 
drift.  It  la  possible  from  the  theory  to  estimate 
Che  cross-path  velocity  from  the  location  of  the 
peak.  The  peak  Is  predicted  at  log(f/f^)  ~  0.43. 
In  Che  case  shown  the  cross-path  velocity  estimate 
from  the  millimeter  wave  scintillations  agrees 
with  the  propeller  vane  to  within  a  few  percent. 
(Note,  Che  data  were  plotted  with  f  calculated 
from  propeller  vane-measured  crosswln<f.) 


Figure  2.  Theoretical  and  experimental  power 
spectra  of  amplitude  fluctuations. 


Figure  3  Illustrates  Che  theoretical  spectra 
for  phase  difference  fluctuations.  In  contrast  to 
Che  log-amplitude  result  phase-difference  Is  very 
sensitive  to  the  “outer  scale"  L  of  the  refrac¬ 
tive  Index  fluctuations.  Conseqi&ntly,  ee  have  a 
family  of  curves  for  different  values  of  the 
spacing  p  normalized  to  L  .  (L  Is  the  size  of 
Che  largest  eddy  for  wtAch  tiM  assumption  of 
Isotropy  holds,  so  Is  the  order  of  the  height 
above  the  ground).  The  theoretical  curves  are 
plotted  versus  normalized  frequency  f/f.  where 
f.  ■  v/p  and  V  Is  Che  cross-path  wind  component. 


Figure  3.  Theotutlcal  power  spectra  of  phase  dif¬ 
ference  fluctuations  as  a  function  of  the  ratio  of 
spacing  to  the  outer  scale  p/L  and  characteristic 
frequency  fj  “  v/p  where  v  Is  Che  cross-path  wind. 


From  our  knowledge  of  Che  wind  speed  and  the 
dependence  of  the  spectra  on  p/L  ,  %)e  can  estimate 
from  a  spectrum  measured  at  a  known  separation, 
Pj7  *  1*^3  m,  and  use  that  derived  value 
~  2.1}  m  for  all  further  comparisons. 

Figures  4  and  5  show  the  theoretical  curves 
superimposed  over  C^  e  phase-difference  spectra 
from  Che  data  for  antenna  pairs  (1,2)  separated  by 

p|2  ~  m  and  antenna  pair  (1,4)  separated  by 

Pj,  ■  10  m.  We  used  Che  value  -  2.8  a  and 
selected  our  curves  from  Fig.  3  to  fit  the  data 

based  on  the  ratios  Pj2/I'q  “  0.51  and  "3.5 

appropriate  to  each  antenna  pair.  The'^resulclng 
fit  Is  quite  good.  We  could  also  estimate 
crosswind  from  the  peak  of  the  spectrum  If  we  knew 
Che  accurate  from  other  Independent  measure¬ 
ments. 


Figure  4.  Comparison  of  theoretical  and  measured 
spectra  of  phase  difference  for  spacing  p,.  - 

1.43  m. 
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Figure  5.  Coapariton  of  theoretical,  and  laeaaured 
spectra  of  phase  difference  for  spacing  p,.  •• 

10  m.  * 


CONCLUSIONS 

Initial  proceaalng  of  the  Flatvllle  data  sat 
haa  yielded  results  that  agree  quite  cloealy  with 
clear-alr  single  scatter  propagation  theory  for 
the  turbulent  ataosphera.  We  Intend  to  sake  euch 
more  extensive  coaparlaona  In  the  future*  We  will 
also  analyse  severe  weather  data  and  coapara  with 
existing  theories  of  aa  wave  propagation  In  snow, 
fog  and  rain. 
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Introduction 

We  deacrlbe  the  mlcrometeorologlcal  Inatrumen- 
tatlon  and  optical  aclnt Illation  Inst runentat Ion 
deployed  during  the  NOAA-GIT  Rxperlnant  In  Flat- 
vllle,  Illlnola.  He  describe  the  data  validation 
procedures  and  data  processing  techniques  for  the 
islcroaat,  optical,  and  lai-wava  data.  Results  of 
the  dete  reduction  are  shown.  The  body  of  the 
peper  consists  of  graphs  with  self-explanatory 
captions.  The  exper leant  set-up  Is  shown  In  the 
first  figure  of  the  cowpenlon  peper  by  Clifford  at 
al.  In  this  voluae.  The  ae-wave  InatrusMntatlon 
has  been  discussed  elsewhere.^'''  Details  of  the 
data  reduction,  the  alcroiaet  Instruaants,  and 
quantities  calculated  are  available.'* 

The  two  overlapping  optical  propagation  paths 
are  1  ka  each;  these  give  the  peeh-evaraged  opti¬ 
cal  rnfcecclve-lndex  tcruccure  petsaater  as 

well  as  Che  cross-path  eoaponent  of  Che  wind.  Two 
Instruasnted  towers  were  positioned  sc  one-third 
and  cwo-chlrds  Che  distance  between  the  aa-wavs 
receivers  and  crsnsaltter.  Each  Cower  has  a  prop- 
vane,  a  three-axis  sonic  anaaosMCer,  a  Lyaan-o 
hygrosMCar  and  two  platlnua,  realscance-wlra  char- 
eonscsrs,  one  of  idilch  Is  In  Che  Lyaen-o  gap  and 
Che  other  Is  In  the  center  of  the  sonic  aneao- 
’•ecer.  All  Che  Instruaenca  ware  at  a  height  of 
1.A  m  on  a  boon  that  could  be  rotated  Into  Che 
wind . 

The  sonic  xsasures  the  three  fluctuating  coa- 
Donencs  of  the  wind,  thus  we  obtain  the  variances 
of  these  coaponenCs,  and  correlation  of  Che  fluc¬ 
tuations  of  the  streasNrlse-coaponanc  with  chose  of 
the  vertical  eoaponent  which  glvee  the  vertical 
fl<u  »f  hortiontal  aosMntua.  The  Claw  series  froa 
the  reslscance  wire  and  Lynan-e  give  us  such  sta- 
tlstlrs  as  teaperature  and  hualdlty  variance  and 
T  iss  correlation,  the  atru<;^Cura  paraaeters  of 
r -sper  tt  ore  and  hualdlty  ( and  )  and  the 

’  "ope r  a t 'I re -hiial d  1 1  y  crosa-st  rue  C ure  parsaetcr 
In  addition,  correlating  the  teaperature 
with  the  vertical  velocity  fluctuations  gives  the 
‘pward  flue  of  heat,  and  a  elallsr  correlation  of 
the  hualdlty  fluctuations  artth  those  of  vertical 
veloritv  gives  the  hualdlty  flue.  Each  aat  .  sta- 
■  ■  had  an  aspirated  pevrhroaeter  at  a  height  of 
'  fir  seen  and  long-tera  fluctostlons  of  tea- 


He  graph  every  dacua.  This  alloars  us  to  remove 
any  Instruswnt  failures,  even  chose  consisting  of  a 
single  bad  datum  In  Che  time  series,  froa  sub¬ 
sequent  analysis.  Data  averaged  to  20  s  bins  Is 
also  graphed  over  Che  roughly  39  aln  duration  of 
our  data  tapes  so  Chat  trends  can  be  Identified. 

The  data  processing  scheae  is  shown  In  Fig.  1. 
FLATCOPY  aakas  a  Cyber-coapaclble  data  tape, 
extracts  all  quantities  saapled  at  2.36  s  rate  to  a 
disk  file,  and  writes  the  location  of  any  gaps  In 
Che  data  Co  Che  PEDIGREF.  FILE.  Graphs  of  the 
2.36-s  daca  base  are  made  to  check  the  performance 
of  Che  Instruments;  Pigs.  3  to  7  show  a  few  of 
these  graphs.  METAPE  extracts  all  the  100  Ht  and 
23  Ha  mlcromet  daca,  calibrates  It  In  engineering 
units  and  writes  it  to  the  MET  TAPE.  The  strip- 
chart  programs  graph  the  full  time  series  over  the 
duration  of  each  data  tape;  times  of  bad  data,  such 
as  phase-lock-loss,  are  than  entered  Into  the 
parameters  file  using  MODPARM  so  Chat  subsequent 
programs  can  skip  over  bad  daca.  The  strlpcharcs 
are  llluacraced  In  Figs.  2  to  A.  The  NETFFT  and 
MILFFT  programs  produce  power  and  cross  spectra 
which  are  graphed  and  also  entered  In  the  ANSWERS 
FILE.  The  HILDRV  program  skips  bad  data,  low-pass 
and  high-pass  filters  the  mm-wave  data  to  compen¬ 
sate  for  HF  noise  and  Instrumental  drift,  and  wri¬ 
tes  23.6-s  statistics  to  MILSUMS.  METDRV  does  a 
similar  cask  for  the  mlcromet  daca,  but  filtering 
Is  unnecessary.  The  23.6  s  mm-wave  and  mlcromet 
statistics  arc  graphed  over  Che  2400  s  exent  of 
each  data  tape  to  Chat  data  quality  and  sca- 
tlonarlty  are  checked:  Fig-  9  shows  examples  of 
2'.6-s  mlcromet  sCsClstlca.  METRDR  and  MILRDR  then 
accumulate  the  statistics  of  a  chosen  scatlonarv 

Interval  and  enter  the  results  In  the  ANSWER  FILE. 
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ind  humldltv.  Station  2  had  a  hanmeter 
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*!(•  2.  Tan  ■aconda  of  100  Hx  Na-wava  data  fro« 
Tapa  24  of  Saaalon  1.  Froa  bottoa  to  cop  tha 
Cracaa  ara  tha  tlx  phaaa  dlffarancaa  froa  ancanna 
pair  14  2,  I  4  3,  I  4  4 .  2  4  1 ,  2  4  4 ,  3  4  4, 
foUowad  bf  tha  Incanalclaa  at  antannaa  1,  2,  3, 
and  4,  raapactlvaly. 
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Fig.  3.  TVanty  tacondt  of  25  Hx  sonic  and  propvane 
anaiaottatar  data  froa  Tapa  24  of  Saaslon  1.  The 
bottoa  and  top  aat  of  five  curvet  are  from  met. 
ata.  1  and  2,  raapect  Ivel  y.  Froa  bottoa  to  top 
within  aach  aat,  tha  tracaa  are  froa  the  two  horl- 
xontal  araa  of  tha  tonic  with  tha  saoocher  prop- 
vana-derlved  coaponentt  overplotted;  the  vertical 
coaponent  froa  the  sonic  la  the  upperautt  of  each 
aat. 
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Fig.  4.  Ten  seconds  ol  100  Hr  res  u t  .inre-wl  r* 
tcaparaturas  and  Lyaan-o  hoaldltv  froa  Tape  2a  of 
Saaalon  I,  Tha  top  three  curves  are  froa  aet. 
ata.  2;  the  Ceaperarure  within  the  sonl.-  Is  the 
upperautt  followed  bv  the  teaperatore  within  the 
Lyaaii-a;  the  hualdlty  la  third  froa  the  top.  The 
t*fo  fxittoa  traces  are  froa  the  wire  t  he  raoa«.  t  e  r  s 
at  aet.  act.  1;  the  hoaldltv  trace  Is  alsslng 
becauae  the  Lvaan-a  was  Inoperable. 
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TIMC  m  SEC0N05 

Flg«  S<  The  croea-path  wind  component  from  the  1 
km  optical  path  nearest  the  cranamltter.  The 
negative  values  mean  chat  the  wind  Is  from  the 
west.  Data  are  from  the  entirety  of  Tape  2A  of 
Session  1.  The  data  Is  sampled  every  2. 56  s. 


TIME  IN  SECONDS 

Fig.  7.  The  absolute  humidity  In  g/m^  obtained 
from  the  aspirated  psychrometer  at  met.  sta.  t  for 
all  of  Tape  24  of  Session  1.  Sample  rate  was 
2.56  a. 
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I'lg.  6.  The  optical  C  ,  sampled  every  2.56  s, 
from  the  1  km  opclesl  propagation  Mth  nearest  the 
•■•cslveT.  The  value  of  l^jg  1"  emits  m"*^* 
I*  ihown.  Data  are  from  all  of  Tape  24  of  Session 
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Fig.  8.  25.6-*  averages  of  the  temperature  flux 

<T'w'>  and  the  time-lagged  temperature  structure 
parameter;  both  are  from  met.  sta.  I  for  all  of 
Tape  25  of  Session  I.  One  <T'w'>  1*  obtained  from 
the  resistance  wire  within  the  sonic  while  the 
other  <T'w'>  Is  from  the  wire  In  the  Lyman-o  gap. 
Three  are  plotted  corresponding  to  three  dif¬ 

ferent  time  lags;  their  agreement  demonstrate* 
Inertial-range  turbulence. 
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Fig.  9.  Proboblllcy  donalty  funccton  of  InCenslCy 
for  ancenno  1.  Saaston  1,  Tapa  24,  July  1983. 
Gauaalan  and  lognormal  PDFa  ara  alao  ahown. 
Normalliad  Incanalcy  la  aealad  to  unit  mean  valua. 
Ttta  PDF  la  normalliad  to  unlc  araa  undar  tha 
hlatogram. 
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Fig.  11a  The  structure  function  of  phase*  The 
solid  line  represents  a  theoretical  prediction  for 
the  6:50  pan*  data^  assuming  a  2*?.*^  horizontal 

outer  scale* 
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Fig.  10.  Probability  danalty  of  phaae  dlffarenca 
In  radlana  for  antanna  pair  4,  Seaalon  1,  Tape  24, 
July  1983.  A  Gauaalan  PDF  la  also  ahom.  Tbls 
PDF  la  normalized  to  unit  area  under  the  hlato- 

gram. 


Pig.  12.  The  normalized  variance  nf  incenslcv 
versus  Its  Inertlal-range  formula.  The  itrali'ht 
line  shows  theoretical  calculations. 
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ABSTRACT 

Spectral  densities,  structure  func¬ 
tions,  and  distributions  of  intensity  and 
phase  fluctuations  of  millimeter-wave 
signals  propagated  through  rain,  fog,  and 
snow  have  been  calculate.  These  calcu¬ 
lations  are  based  on  a  series  of  milli¬ 
meter-wave  measurements  made  in  the  fre¬ 
quency  range  116-230  GBz  over  a  1.4  km 
path  near  Flatville,  Illinois,  during 
several  measurement  sessions  conducted 
during  the  period  1983-1985. 

An  extensive  array  of  meteorological 
instrumentation  and  particle  size  spec¬ 
trometers  were  used  to  characterize  the 
atmospheric  transmission  path  in  these 
experiments,  and  this  data  is  available 
to  aid  in  the  interpretation  of  the 
millimeter-wave  data.  The  fluctuation 
spectra  will  be  studied  carefully  to 
investigate  differences  between  the  clear 
air  spectra  and  those  affected  by  preci¬ 
pitation  and  to  determine  which  features 
are  uniquely  related  to  the  presence  of 
rain,  snow,  and  fog. 


INTRODUCTION 

Clear  air  problems  in  the  propaga¬ 
tion  of  m  i  1 1 i ro e t e r - wa v e 8  are  of 
considerable  interest,  but  for  a  full 
understanding  of  the  limitations  imposed 
by  the  atmosphere  on  millimeter-wave 
system  performance,  it  is  necessary  to 
have  an  understanding  of  the  fluctuations 
caused  by  turbulence  and  by  hydrometeor 
turbidity.  The  series  of  millimeter-wave 
aeasurements  at  Flatville,  Illinois  bet¬ 
ween  1983  and  1985  provided  the 
opportunity  for  measurements  of  milli¬ 
meter  wave  transmission  in  a  wide  variety 
of  weather  conditions  that  included  rain, 
onow,  and  fog.  Supporting  meteorological 
data  and  particle  microphysical  data  were 
also  available  to  characterize  the  atmos¬ 
pheric  transmission  path. 


MEASUREMENT  AND  ANALYSIS  PROCEDURES 

The  millimeter-wave  data  consists  of 
intensity  and  phase  data  in  the  frequency 
range  of  116  to  230  GHz  across  a  propaga¬ 
tion  length  of  1.4  km.  Only  one 
frequency  was  used  at  a  time,  and  so  not 
all  atmospheric  conditions  were  studied 
at  all  frequencies.  MMW  data  were 
sampled  at  a  rate  of  100  Hz.  For  each 
data  run,  MMW  data  were  collected  for 
each  of  four  antennas,  designated  by  a 
number  from  1  to  4,  and  for  6  antenna 
pairs,  each  with  different  spacing. 
These  data  were  used  to  determine  phase 
difference  statistics  for  the  different 
antenna  pairs,  intensity  statistics  for 
each  antenna,  mixed  intensity  and  phase 
difference  statistics,  moments  of  the 
field,  probability  distribution  functions 
for  intensities  and  phase  differences, 
and  Fourier  transforms  of  the  temporal 
data  for  intensities  and  phase 
differences. 

The  power  spectra  are  calculated  for 
each  of  the  four  intensities  and  six 
phase  differences.  The  computer  programs 
also  allow  the  calculation  of  cross  spec¬ 
tra  between  two  quantities.  The  power 
spectra  are  calculated  by  means  of  a  fast 
Fourier  transform  algorithm  on  a  4096- 
point  time  series,  corresponding  to  40.96 
seconds  of  data.  A  number  of  these 
transforms  (10  to  20)  are  averaged 
together  to  increase  the  statistical 
reliability.  The  resulting  transforms 
are  combined  to  produce  the  power  and 
cross-spectra,  which  are  averaged  to  36 
spectral  values  in  36  approximately  loga¬ 
rithmically  spaced  frequency  bins. 

Fourier  components  of  lower  fre¬ 
quency  are  obtained  by  block  averaging 
the  time  series  to  4096  points  pet  data 
tape  (or  time  stationary  interval  during 
which  conditions  were  roughly  uniform). 
The  data  tapes  are  roughly  2400  s  in 
duration,  so  averages  of  roughly  0.6  sec 
suffice.  These  block  averaged  Fourier 
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transforms  are  also  averaged  to  36  loga¬ 
rithmically  spaced  frequency  bins  in  a 
lower  frequency  range  than  the  first  set 
described. 

NOAA  micrometeorological  data  were 
obtained  at  two  locations  along  the 
transmission  path,  whereas  US  Army  Atmos¬ 
pheric  Sciences  Laboratory (ASL)  particle 
data  were  obtained  at  one  location.  A 
complete  description  of  the  data  analysis 
for  the  millimeter-wave  data  and  the 
micrometeorological  data  is  given  in  Ill; 
the  results  of  the  ASL  analysis  are  given 
in  a  series  of  reports  121. 


MEASUREMENT  RESULTS 

Although  turbulence  in  clear  air  in 
humid  conditions  can  produce  the  largest 
fluctuations  yet  observed,  we  have  previ¬ 
ously  commented  131  that  precipitation 
induced  fluctuations  in  millimeter-wave 
signals  can  be  significant.  Fog,  because 
it  occurs  when  the  atmosphere  is  very 
quiet,  produces  the  least  fluctuations  of 
all. 

The  data  collected  during  precipita¬ 
tion  events  is  still  in  an  early  stage  of 
analysis.  We  will  concentrate  here  on  a 
consideration  of  power  spectra  determined 
from  millimeter-wave  data  measured  on 
February  10  and  11,  1985  in  the  Tape  9  to 
15  data  runs  of  Session  5.  (For  this 
data  set  the  Tape  or  T  numbers  refer  to 
particular  data  runs).  During  this  time 
there  was  a  range  of  precipitation 
encountered  that  included  mixed  drizzle 
and  snow,  snow,  and  blowing  snow. 

Two  examples  of  intensity  power 
spectra  calculated  from  the  millimeter- 
wave  data  of  this  time  period  are  shown 
in  Figures  1  and  2.  Figure  1,  T9  data, 
shows  the  power  spectrum  for  230  GHz 
transmission  calculated  for  antenna  3 
using  the  individual  data  point's  (solid 
line)  and  the  block  averaged  data  (dashed 
line).  The  two  lines  diverge  at  lower 
frequencies,  but  the  dashed  line  makes 
use  of  more  of  the  data  and  is  more 
significant  statistically.  The  statis¬ 
tical  significance  of  each  increases  with 
increasing  frequency,  and  the  two  curves 
do  converge. 

T14  data  are  shown  in  Figure  2.  As 
before  the  two  curves  represent  indivi- 
dual(solid  line)  and  block  averaged 
(dashed  line)  data.  The  T14  data  differs 
from  the  T9  data  in  that  there  is  signi¬ 
ficantly  more  power  associated  with  the 
high  frequency  fluctuations  in  T14  than 
in  T9. 

For  comparison,  T9  and  T14  ASL 
particle  size  data  are  shown  in  Figures  3 
and  4.  The  particle  size  spectra  showed 
little  variation  during  the  individual 
data  runs,  and  so  the  data  shown  in  these 
figures  are  representative  of  the  entire 
data  periods.  These  particle  size  spec¬ 
tra,  measured  with  the  Ground  Based  Pre- 
ciDitation  Probe,  show  that  there  were 


significantly  more  large  particles  pre¬ 
sent  during  the  T14  data  run  than  during 
the  T9  period.  Although  there  is  soine 
uncertainty  in  the  T9  particle  size  data, 
this  uncertainty  is  not  expected  to  alter 
the  basic  conclusions  of  the  size  diffe¬ 
rences  in  the  data.  It  does  appear  m 
this  preliminary  analysis  that  the  larger 
particles  are  associated  with  the  greater 
power  in  the  higher  fluctuation  fre¬ 
quencies. 

We  are  aware  that  models  of  fluctua 
tions  in  millimeter  wave  signals  due  to 
tain  14)  have  a  similar  shape  to  that 
which  we  observed  in  the  T14  data.  We 
will  be  working  on  modifying  the  ram 
models  to  model  the  fluctuations  expected 
for  snow  conditions.  We  will  also 
continue  the  analysis  to  determine  tne 
spectrum  of  phase  fluctuations,  structure 
functions  and  distributions  of  intensity 
and  phase  for  the  data  considered  above 
and  for  other  millimeter-wave  data. 
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ABSTRACT 

Measurements  were  made  of  the 
attenuation  of  millimeter-wave  (MMW) 
signals  by  hydrometeors  during  an 
extensive  study  of  atmospheric  MMW 
transmission  properties  between  1983  and 
1985  at  an  instrumented  site  near 
Platville,  IL.  Data  collected  during 
this  study  showed  a  marked  correlation 
between  the  attenuation  of  MMW  signals 
and  the  rain  rate.  The  purpose  of  this 
report  is  to  discuss  quantitatively  the 
relation  between  the  attenuation  of  MMW 
signals  and  the  rainfall  parameters, 
including  rain  rate,  volume  mixing 
ratios  and  precipitation  particle  size 
distributions. 

INTRODUCTION  with  r  the  particle  radius,  N(r)  the 

Although  clear  air  problems  are  of  number  concentration  of  the  particles  as 

considerable  interest,  it  is  recognized  a  function  of  radius,  and  Q.  the 

-hat  the  development  of  millimeter  wave  efficiency  factor  for  extinction.  is 

'MMW)  systems  is  presently  motivated  determined  by  Mie  scattering  theory  and 

largely  by  their  capabilities  in  adverse  is  dependent  on  the  ratio  of  particle 

•'eather.  It  is  essential,  then  to  have  size  to  incident  wavelength  and  the 

a  quantitative  understanding  of  the  complex  refractive  index  of  the 

^fleets  of  precipitation  on  the  MMW  particles.  A  similai  equation  may  be 

Signal.  This  will  include  an  used  to  describe  the  extinction  of  snow 

ri'-Jer standing  of  the  fluctuations  caused  particles,  but  snow  is  not  composed  of 

/  the  hydrometeor  turbidity  as  well  as  spherical  particles  and  so  the  Mie 

it  understanding  of  the  attenuation  of  calculations  will  be  only  approximately 

tn*  MMW  signal  due  to  the  presence  of  correct.  A  more  exact  treatment  must 

n  y  d  r  om  e  teo  r  s.  A  study  of  the  consider  the  effects  of  the  shape  of  the 

■  ion  of  MMW  signals  by  rain  and  snow  particles  as  well  as  of  refractive 

»  was  not  an  original  goal  of  the  indices  that  differ  from  those  of  pure 

•'vii;*  experiments.  In  particular,  ice. 

alibration  of  the  instrumentation  *  The  volume  concentration  of  the 

t  stable  over  long  periods  making  water  in  the  precipitation  is  given  by 

''s.itable  for  measuring  long  term  the  equation 

■ition  changes.  However, 

.’aticn  events  were  often  short 
I'  deration  that  the  relative 

due  to  the  hydrometeors 


could  be  determined.  This  attenuation 
could  then  be  related  to  measured 
precipitation  parameters,  including  rain 
rate  data,  determined  by  in  situ  and  by 
gravimetric  techniques,  and  particle 
concentration  data. 

ATTENUATION  DUE  TO  PRECIPITATION  IN 
RELATION  TO  PRECIPITATION  PARAMETERS 

The  attenuation  or  extinction 
coefficient  (7^  is  related  to  the 
particle  size  distribution  by  the 
equation 

a  -  wr^Q(r)N(r)dr 

e  e 


Tb«  voluB*  concentration  say  ba 
aipraaaad  aa  tha  alilnq  ratio  of  tha 
voluaa  of  tha  bydroaataora  in  a  qivan 
voluaa  of  air.  Multiplication  by  tha 
danaity  of  water  or  the  affective 
danaity  of  tha  anow  will  give  tha  *aas 
of  precipitation  par  voluoa  of  air.  The 
rain  rata,  R,  aapraaaad  in  taraa  of 
■llliaatara  of  water  par  hour  or  ao*a 
other  convenient  lan9th  unite,  la 
proportional  to 


«( r )C .( r  >4r 


with  Cg  (r)  tha  aattlinq  velocity  of  tha 
hydroaataora. 

If  tha  aiia  diatribution  ia 
conatant,  tha  MHM  attenuation  will  be 
proportional  to  both  tha  voluaa 
concentration  of  the  water  and  tha 
rainfall  rata.  Tha  ratio  of  NMW 
attenuation  to  rainfall  rata  or  to  tha 
voluaa  concentration  will  alao  change 
with  chan^aa  in  tha  particle  aira 
‘diatribution. 

In  order  to  aatiaata  tha  Ba9nituda 
of  tha  affacta  of  varyinq  hydroaataor 
alaa  on.  MHM  tranaaiaaion  at  330  Gfla,  wa 
have  calculated  tha  aapactad  attenuation 
for  aavaral  rapraaantativa  aonodiapetaa 
particle  aitaa.  Tha  raaulta  of  thaaa 
calculationa  are  ahown  aa  tha  aolid 
linaa  in  ri^uraa  1  and  3.  Figure  1 
abowa  tha  aapactad  aatinction  at  330  GHr 
aa  a  function  of  the  voluaa 
concentration  of  water  (ca^  of  water 
/ca^  of  air)  for  droplet  aiaaa  of  0.5 
aa,  1  aa,  3  aa  and  4  aa  diaaatari  Figure 
3  abowa  tba  coaparabla  HNW  attenuation 
aa  a  function  of  rain  rata  (aapraaaad  in 
aa/h  rain)  for  the  aaaa  dcoplat  aiaaa. 
For  coapariaon,  tha  coaparabla 
calculationa  for  35  GHa  are  alao  ahown. 
While  there  are  aignificant  diffarancaa 
in  tba  alopaa  of  tha  linoa  for  tha 
aaallar  droplata,  there  appaara  to  be 
aucb  laaa  difference  in  tha  calculated 
alopaa  for  particlaa  in  tha  3  to  4  aa 
diaaater  range.  Siailar  calculationa 
for  integrated  aira  diatr ibutiona  auch 
aa  tba  Narahall-Palaar  diatribution  are, 
of  couraa,  planned  aa  part  of  future 
afforta. 


MBASOREMENTS  AT  FLATVILLE 

Tha  maaauraaant  program  for  tha 
Flatvilla  axpariaenta  Included 
millimeter  wave  propagation  maaauramanta 
in  tha  frequency  range  116-330  GHz  over 
a  path  length  of  1.4  km,  aa  wall  aa 
aaaauraaanta  of  a  variety  of 
aicromataorologlcal  paramatera  and  of 
particle  alza  apactra  for  aeroaola  and 
for  hydromataora.  Since  the  data  did 
allow  tha  determination  of  tha 
attenuation  due  to  hydromataora,  one  of 
tha  goala  of  our  analyaia  ia  tha 
coapariaon  of  obaerved  valuaa  with  onaa 
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e«levlat«4  tto»  aod*!*  of  rain  aCCacta 
(II.  Of  pactlcHlar  iatarast  aca  tba 
blfb  NNW  fraquaacy  raafa,.  far  which 
tbara  ara  faw  j^awloua  aaaaucaaanta.  and 
tba  availability  of  datallad  hydraaataor 
ebaractarlaatlona.  Nora  coaplata 
dlaeuaalona  of  Cha  aspaclaantal 
aaaauraaanta  ara  alvan  la  Rill  at  al. 
[21  and  lohlandar  at  al.  ()|. 

Rain  rata  waa  aaaaurad  In  two 
Indapandant  aata  of  oaaauraoants. 
Walahinf  buckata  wara  aat  up  to  collact 
tha  praclpltation  and  to  racord  tha 
incraaaa  In  wal^ht  on  a  chart  racord. 
Rain  rata  waa  alao  aaaaurad  by  aaana  of 
a  laaar  rain  auaqa  In  which  tha  sliaa 
and  fall  rataa  of  tha  partlclaa  ara 
dataralnad  Iji  aitu.  with  tha  rain  rata 
dataralnad  froa  thaaa  data.  for  our 
initial  analysla.  data  froa  a  flnqla 
walqhlnq  buckat  aa  uaad.  Thara  la 
alwaya  a  quaatlon  of  tha 
rapcaaantatlvanaaa  of  tha  data  whan  any 
ona  praclpltation  90090  la  uaad.  and  ao 
addltloaal  data  froa  tba  laaar  prebaa 
and  additional  raia  bockat  data  will  ba 
uaad  In  aubaaquant  analyoaa. 

Particla  aliaa  wara  aaaaurad  by 
U.S.  Amy  Ataoapharlc  Sclancaa 
Laboratory  paraonnal  ualn9  aavaral 
dlffarant  fartlcla  Maaauraaant  Syataaa 
probaa,  lncludln9  a  CRAff  proba  for 
aaroaol  partlclaa.  a  20-C  proba  for 
sriln9  partlclaa  up  to  .14  aa  dlaaatar. 
and  a  Cround-baaao  Praclpltation  Proba 
and  a  20>P  Array  Spactroaatar  for  alilnq 
partlclaa  up  to  4.4  aa  dlaaatar.  Tha 
•iata  output  froa  thaaa  probaa  la  In  tha 
fora  of  particla  counta  par  aatar^  par 
3iza  Intarval  froa  which  total  particla 
voluaa  and  voluaa  alaln9  ratloa  can  ba 
calculatad.  Glvan  hydroaataor  fall 
valocltlaa  aa  a  function  of  alaa.  tha 
rainfall  rata  can  alao  ba  dataralnad 
fron  tha  data.  In  addition,  tha 
rttonuatlon  propartlaa  of  tha 
"ydromataora  can  ba  calculatad  by  aaana 
f  Hit  thaory  aa  dlacuaaad  abova.  qlvan 
jpprcprlata  optical  conatanta. 

‘ISCUSSION  Of  RESULTS 

Thara  wara  aavaral  caaaa  durlnq 
"■^asuramant  Sorlaa  3.  4.  and  5  In  which 
*  variation  In  tha  Intanalty  of  tha 
ranonittad  a  1 1 1 Inatar  wavaa  waa 
-oscrvad  that  could  ba  ralatad  to 
^■^riation  In  tha  rata  of  tha 
irocipitation  or  tha  alza 
J'a ractar  iat  lea  of  tha  hydroaataora. 

analysla  la  still  in  proqrass.  ao  wa 
•'ll  not  praaant  final  data.  Wa  will 
■^rotent  soma  pralimlnary  data  ralatinq 
"'iw  attanuation  to  rain  rata  and  to  tha 
rniun,  alalnq  ratloa  and  will  Indicata 
•lannad  futura  work. 

-wu  «*ainpla  of  tha  ralation  of  the 
''  ■Jttanuation  to  tha  tain  data  la 
In  Figure  3,  In  thia  figure  the 
coafficiant  la  plotted 
lainat  tha  tain  rata  for  Saaalon  5  T9. 
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Til.  T51.  and  T52  and  Saaalon  4  T76 
data.  (Tape  or  T  numbata  daalgnata 
Individual  data  runa.)  It  appaara  fretr 
thla  adaiittadly  aaall  aastpla  that,  while 
thara  la  aoaia  acattar  In  tha  data,  there 
la  alao  a  raaaonabla  correlation  between 
tha  attanuation  coefficient  and  tha  rain 
rata.  We  have  alao  included  in  tha 
figure,  llnaa  that  show  tha  relations 
aspactad  for  sionodlsparsa  1  and  2  irm 
particles.  indicating  that  the 
obaarvatad  variation  is  consistent  with 
that  aspactad  for  1  to  2  mm  particles. 

An  asampla  of  tha  particle  size 
data  is  shown  is  Figure  4  in  which 
Cround-Basad  Precipitation  Probe  data 
from  tha  T9  period  of  Session  S  are 
plotted.  Attanuation  coefficients 
calculatad  from  tha  MHW  data  for  this 
period  ara  plotted  against  volume  mixing 
ratios  calculatad  from  tha  particle  data 
In  Figure  5.  For  comparison,  the  line 
expected  for  monodisperse  1  mm  particles 
is  also  shown  on  the  figure.  Again,  we 
can  say  that  tha  data  are  consistent 
with  expectations. 

At  tha  present  point  in  our 
analysis  wa  can  say  that  the  attenuation 
coefficients  are  correlated  with  both 
rainfall  rate  and  with  volume  mixing 
ratios  and  that  the  variation  in 
attanuation  is  consistent  with  that 
expected  on  tha  basis  of  the  particle 
size  distributions.  in  future  efforts 


w«  plan  to  look  at  tha  MMW  data  in 
ralation  to  data  from  the  laser  rain 
guage  which  has  higher  time  resolution. 
We  will  also  examine  the  variation  of 
MHN  attenuation  with  variation  in  rain 
rate  and  in  hydrometeor  volume  ratios. 
Ne  will  use  Hie  theory  to  calculate  the 
expected  attenuation  from  the  measured 
.site  distributions  as  well  as  standard 
distributions  and  will  use  this  data  to 
attempt  to  account  for  variations  in  the 
observed  attenuations.  We  will  also 
attempt  to  relate  the  attenuation 
measured  during  show  episodes  to  snow 
microphysical  parameters  and  differences 
between  the  liquid  droplet  data  and  the 
snow  data  in  terms  of  the  differing 
properties  of  the  snow  and  the  liquid 
precipitation. 


VOLUME  MIXINO  RATIO  liio'l 
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■RM  AttMMtlon  d«t«  330  COS  ■•«sur*4  durino 
3  plotted  a^alnit  tb«  vglua*  •iiin9  ratio 
ftop  tha  Cround-Baaad  Prtcipitation 
Proha  data*  Tha  attanuatlon  aipactad  tot  1  »r 
^^ARdtar  partlelaa  aa  alao  ahoan  aa  a  daahad 
liaa. 
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ABSTRACT 

ProiB  1983  to  1985  a  taaa  of  aciantlata  from  NOAA's  Wava  Propagation  Laboratory  and 
Gaorgia  Inatituta  of  Tachnology  conductad  an  axtanalva  aet  of  millimatar  wava  propaga¬ 
tion  maaauramanta.  In  fiva,  thirty-day  aaaaiona,  chosan  for  tha  widest  variety  of 
weather  conditlona,  wa  propagated  millimatar  wava  fraguanclas  from  116  to  230  GHz  over  a 
1.4  km  horizontal  path  in  flatvilla,  Illinois.  Simultaneous,  extensive  measurements  of 
tha  meteorology  allowed  a  detailed,  comparison  of  the  propagation  characteristics  with 
the  current  state  of  tha  atmosphere.  Wa  report  on  tha  observations  of  millimeter  wave 
propagation  characteristics  during  clear  air  and  severe  weather.  Amplitude  and  phase 
spectra  for  propagation  in  clear  air  are  compared  with  theory  derived  using  the  weak 
refractive  turbulence  approximation.  Excellent  agreement  is  found.  Further,  probabi¬ 
lity  density  functions  appear  to  be;  respectively,  lognormal  (amplitude)  and  Gaussian 
(phase  difference),  as  expected  from  application  of  the  central  limit  theorem. 
Interesting  meteorological  observations  and  their  millimeter  wave  signatures  will  also 
be  presented. 


IMTRODOCTIOM 

Over  the  past  five  years  a  team  of  scientists  from  tha  National  Oceanic  and 
Atmospheric  Administration  and  the  Georgia  Institute  of  Technology  conductd  an  extensive 
set  of  millimeter-wave  propagation  measurements.  In  five,  thirty-day  sessions,  chosen 
for  the  widest  variety  of  weather  conditions,  we  propagated  millimeter  wave  frequencies 
from  116  to  230  GHz  over  our  1.4  km  horizontal  path  in  Flatville,  Illinois.  Simulta¬ 
neous,  extensive  measurements  of  the  meteorology  allowed  detailed  comparisons  of  the 
propagation  effects  with  the  state  of  the  atmosphere. 

The  details  of  the  experiment  layout  and  data  processing  are  contained  in  Reference 
1.  (Table  1  ind  Pigs.  1-6  of  this  paper  are  extracted  from  Reference  1.)  Figure  1 
illustrates  the  propagation  geometry.  The  beam  propagated  1.4  km  -  4  meters  above  an 
extremely  flat  terrain,  chosen  for  its  outstanding  fetch  in  all  wind  directions.  This 
enabled  us  to  characterize  the  site  micrometeorology  with  two  instrumented  towers  using 
Monin-Obukov  surface-layer  similarity  theory.  The  intensity  fluctuations  were  measured 
at  each  of  the  four  horizontally  spaced  antennas  and  phase  differences  were  measured 
among  all  possible  antenna  pairs  with  spacings  from  1.43  to  a  10  m  maximum.  The  fifth 
antenna  was  used  in  a  limited  way  to  test  the  isotropy  of  the  different  wave  parameter 
fluctuations. 

A  variety  of  meteorological  measurements  were  obtained  simultaneously  with  the 
millimeter-wave  data.  Figure  1  shows  the  optical  propagation  paths  which  give  optical 
refractive-index  structure  parameter  Cr,2  as  well  as  the  cross-path  component  of  the 
wind.  Figure  1  also  shows  the  optical  rain  gauge,  optical  drop  size  disdrometers ,  and 
the  weighing  bucket  rain  gauges.  Two  micrometeorologlcal  stations  are  shown  on  Fig.  1; 
these  are  4  m  high  instrumented  towers.  At  these  stations  the  mean  temperature  and 
humidity  were  recorded,  a  prop-vane  gave  wind  speed  and  direction,  a  three-axis  sonic 
anemometer  gave  the  fluctuating  components  of  the  wind  vector,  platinum  resistance-wire 
thermometers  gave  the  fluctua'^ing  temperature,  and  Lyman-o  hygrometers  recorded  the 
humidity  fluctuations.  The  millimeter-wave  signals,  resistance-wire  temperature,  and 
Lyman-a  humidity  were  digitized  at  100  Hz.  The  sonic  anemometers  were  digitized  at  25 
Hz.  The  other  instrument's  signals  were  digitized  at  0.39  Hz.  Table  1  shows  the  great 
variety  of  clear-air  micrometeorologlcal  statistics  available  from  our  instrumentation. 

Figure  2  shows  a  probability  density  function  (PDF)  of  the  measured  intensity;  it  is 
compared  with  lognormal  and  Gaussian  PDFs.  At  such  small  intensity  variances  (0.02) 
there  is  little  difference  between  lognormal  and  Gaussian  PDFs,  but  the  data  definitely 
favors  the  lognormal  PDF.  Figure  3  shows  the  PDF  of  phase  difference  obtained  from 
antennas  2  and  3,  which' 'have  a  separation  of  2.9  m.  This  PDF  is  clearly  Gaussian.  In 
•<ldition,  we  find  that  intensity  and  phase  difference  are  uncorrelated. 

Figure  4  shows  the  structure  function  of  phase  for  each  of  our  antenna  pairs 
(separations).  The  structure  function  is  definitely  less  steep  than  the  slope  of  5/3 
that  would  be  predicted  by  a  Kolmogorov  intertial-subrange  model.  This  is  caused  by  the 
'^uter  scale.  A  very  simple  prediction  that  includes  the  effects  of  the  outer  scale  is 
Shown  as  a  solid  curve  for  a  horizontal  outer  scale  of  2.2  m.  The  mutual  coherence 
function  (second  moment  of  the  field)  is  shown  in  Fig.  5.  Since  the  log-intensity  and 
phase  difference  are  both  Gaussian  and  uncorrelated  it  follows  from  the  weak  turbulence 
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theory  thet  the  Mutual  coherence  (unction  should  be  equal  to  •xpl-.b(L) 
and  Os  ^te  the  log-aaplitude  and  phase  structure  (unctions 
predicts  the  values  in  Pig.  5  to  within  0.)«. 


■  - 1  -S  ' 

We  (ind  that  tr 


In  Pig.  6  we  show  the  norisalized  variance  o(  intensity  versus  the  iner'i^;  , 
prediction  for  a  spherical  wave.  Here  the  radio  it  obtained  from  the  m  i  j  r  >m..  • 

logical  data.  We  see  that  the  intensity  variance  is  somewhat  underestimate]  r.y 
inertial-range  prediction  but  consistent  with  the  phase  structure  (unction  shrjwii  . 

4.  This  discrepency  it  most  probably  because  of  difficulties  in  calibrating  the  .y-,, 
hygrometer. 


PHASE  AND  AMPLITUDE  SPECTRA 


Usi^g  the  spherical-wave  theory  for  propagation  through  refractive  turhij . 

Clifford  shows  that  the  temporal  power  spectrum  of  log-amplitude  fluctuations  -  . 
single  scattering  or  weak  turbulence  limit  has  the  form  shown  Labeled  ‘theory"  i n  . 
7.  In  addition  Fig.  7  contains  a  log-log  plot  of  (f/fg)  times  the  log-ampii- 
spectrum  W^^  versus  norMllzed  frequency  (f/f^).  The  spectrum  is  n  '-malized  > 
log-amplitude  variance  such  that  the  area  under  the  curve  is  unity.  The 
(q  ■  v//2«XL,  ,  where  v  Is  the  cross-path  component  of  windspeed,  i  is  the  wavelenj- 
and  L  •  1.4  km  is  the  millimeter-wave  path  length.  The  dotted  (solid)  fluctuatm- 
represents  the  low  (high)  frequency  Fourier  transform  of  min  of  log-amplitude 
taken  at  142  GH*.  The  solid  "theory*  curve  fits  the  data  quite  well  until  the  high  *. 
quency  tall  beyond  log  (f/fg)  ■  1.  where  aperture  averaging  effects  are  important, 
dashed  curve  Is  a  plot  of  the  theory  including  aperture  averaging  effects;  overall,  • 
fit  to  the  data  la  excellent.  Deviations  at  low  frequencies  above  the  "theory*  cur 
are  most  likely  due  to  receiver  antenna  drift.  It  is  possible  from  the  theory  tu  Msr 
mate  the  cross-path  velocity  from  the  location  of  the  peak.  The  peak  is  predicted 
log(f/fo)  -  0.43.  In  the  case  shown  the  cross-path  velocity  estimate  from  the  mil. 
meter  wave  scintillations  agrees  with  the  prop  vane  to  within  a  few  percent.  (Note, 
data  were  plotted  with  fg  calculated  from  prop  vane-measured  crosswind.) 


Figure  8  Illustrates  the  theoretical  spectra  for  phase  difference  f Luctuat lonc . 
contrast  to  the  log-asiplitude  result  phase-difference  is  very  sensitive  to  the  ‘ouiu.t 
scale”  Lg  of  the  refractive  Index  fluctuations.  Consequently,  we  have  a  family 
curves  for  different  values  of  the  spacing  p  normalized  to  Lg.  ( Lg  is  the  size  ot  tn. 
largest  eddy  for  which  the  assumption  of  isotropy  holds,  so  Lg  is  the  order  of  tii.' 
height  above  the  ground).  The  theoretical  curves  are  plotted  versus  normalized  it-- 
quency  f/fi  where  f^  ■  v/p  and  v  is  the  cross-path  wind  component.  From  our  know;,,-]. 


of  the  wind  speed  and  the  dependence  of  the  spectra  on  p/Lg,  we  can  estimate  Lg  t  r u-n 


spectrum  measured  at  a  known  separation,  e.g.,  o\2  "  1.43  m,  and  use  that  derived 


2.8  m  for  all  further  comparisons. 


Figures  9  and  10  show  the  theoretical  curves  superimposed  over  the  phase-d i  t  f  -.u-- 
spectra  from  the  data  for  antenna  pairs  (1,2)  separated  by  pi2  *  1*43  m  and  antenna  o,i  i r 
(1,4)  separated  by  px4  *  10  m.  We  used  the  value  Lg  -  2.8  m  and  selected  our  curv-^i 
from  Fig.  8  to  fit  the  data  based  on  the  ratios  Pi2/l'o  “  0.51  and  Pi4/Lg  *  5.  ■ 
appropriate  to  each  antenna  pair.  The  resulting  fit  Is  quite  good.  We  could  also  es* 


mate  crosswind  from  the  peak  of  the  spectrum  if  we  knew  the  accurate  Lg  from  other  inJt- 


pendent  measurement. 


MILLIMETER  PROPAGATION  THROUGH  RAIN 


Figures  11  and  12  illustrate  a  unique  measurement  of  a  rain  event  where  the  effects 
of  oscillations  in  rain  rate  were  observed  simultaneously  by  the  millimeter  wave  ll•l^ 
and  two  laser-beam  rain  gauges,  deployed  as  shown  in  Fig.  1.  An  oscillating  ram 
rate,  probably  caused  by  a  convective  instability  in  the  cloud  cover,  could  explain  tne 
observed  temporal  pattern  of  the  rain.  In  Fig.  12  the  rain  fluctuations  are  compare i 
with  the  simultaneously  measured  attenuation  fluctuations.  As  expected,  a  very  high 
correlation  between  the  two  is  observed.  The  lowest  curve  in  Fig.  12,  illustrates  i 
simulated  attenuation  time  curve  that  would  result  by  assuming  a  sinusoidal  convectiv- 
disturbance  propagating  along  the  millimeter  path.  A  more  detailed  description  m 
available  in  Reference  3. 


CONCLUSIONS 


The  Flatville  data  set  has  been  analyzed  to  show  the  effects  of  clear  air  and  rain 
on  millimeter  wave  systems.  We  have  reported  only  a  minute  amount  of  the  available  data 
and  show  that  the  results  agree  quite  closely  with  the  clear-air  single-scatter  theory 
for  propagation  in  the  turbulent  atmosphere.  We  intend  to  make  much  more  extensive  com¬ 
parisons  in  the  future  for  propagation  in  clear  air,  rain,  fog,  and  snow.  We  made  a 
deliberate  choice  to  forgo  analysis  of  other  segments  of  the  data  in  order  to  complete  a 
readily  accessible  data  base  for  study  by  both  NOAA/GIT  and  other  researchers.  The 
completed  data  base  should  be  available  for  study  in  1987. 
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Table  l.--SuaBiary  of  alcroaMteorologlcal  data  froo  tape  24, 
taken  at  lliJO  NOT  July  1943 


Average  Valuaa 


Huaildlty 
Teaiperature 
Wind  apeed 
Wind  angla 
Preaaure 
Solar  flux 
wind  atraaa 
Huaildlty  flux 
Taaiperature  flux 
Stability 


Square  Roota  of  Varlancaa 


Hualdlty 
Teaperature 
wind  apeed 
Wind  angle 

Streaaiwlae  wind  coaponent 
Croaa-atreaa  wind  coaponent 
Vertical  wind  coaponent 


Structure  Parametara 


from  optical  aclntlllometera 
from  optical 
from  reaiatance  wlrea 
from  Lyman-a  hygrometera 

C_  from  reaiatance  wlrea  and 
**  Lyaan-a  hygrometera 

C^*  for  radio  freouanciea* 
n 


19  g/a’ 

12*C 
S.3  a/a 
10* 

993  ab 

949  of  full.aun 
-0.14  (a/a)^ 

O.l  (g/a’)/a 
0.03*C  a/a 
-0.03 


0.72  g/a' 
0.35*C 
1.2  m/a 
11* 

1 . 1  m/a 
1.0  m/a 
0.94  m/a 


2  «  10 

0.03*C*  m”^/’ 
0.03*C* 

0.2  (g/m’)* 
0.075*C  (g/m*) 


5.9  *  10"**  m"’/* 


*Obtalned  from  Eg.  (79)  of  Ref.  1,  ualng  ,  C  and  C_  from  the  resistance 
wlr«  th«rmom«t«r  an<5  Lynan-a  hygromatar  wtth  and  A  d^alnad  from  tha 
radio  raf ractiva-indax  aquation.  ^ 


R«c«iv«r 


Figur*  1.  Th«  inatruacnt  poaitiona  at  tha  aaparlmant  alta.  Tha  daahad  and  dotted  line 
danotaa  M-wava  propagation  path  (1.4  kai);  tha  long-daahad  llnaa,  tha  optical  propaga¬ 
tion  patha  (1  ka  aach) ;  and  tha  ahort-daahad  linaa*  tha  optical  rain  gauge  paths  (SO  m 
each).  Solid  linaa  ahow  tha  flow  of  aicroiaataorological  data  to  the  data  acquisition 
aystaa  in  tha  racaivar  trailar.  Antannaa  ara  nuabarad  1  to  5  in  tha  receiver  trailer. 


NORMALIZED  INTENSITY  FOR  ANTENNA  I  PHASE  DIFFERENCE  PAIR  4 


Figure  2.  Probability  diatribution 
function  of  intanaity  for  antenna 
1.  Noraalizad  intanaity  is  acalad 
to  unit  aaan  value. 


Figure  3.  Probability  distribution 
of  phase  difference  in  radians. 


moHi 

U74IMI 


!  * 


Juty  IMS 
173  aHs 
1^4  kM 


•  MAM 

OKfcMAM 
0  11:30  AM 
X  MMI 

♦  3:MPM 
A  Sett  PM 


•  •:40  AM 
O  lOdO  AM 
onoo  AM 
X  M  PM 
A  OiMPM 


Roeclvw’  8«paratlon  (M«t«ra) 


R«e«li«r  Soparatlon  (Matars) 


Pigur*  4.  Th«  atructur*  function  of 
phaaa.  Tha  aolld  llna  rapraaanta  a 
thaoratical  pradlction  for  tha  6:50 
p.a.  data. 


Pigura  5.  Tha  modulua  of  tha  mutual 
coharanca  function. 
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Pigura  6.  Tha  normalized  variance  of  intensity  versus  its 
inertial-range  formula.  The  straight  line  shows  theoretical 
calculations . 
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figur*  11.  Tlm«  ••ri«s  of  rain  rates  measured  by  path-averaging  optical  rain  gauges. 
Note  oscillatory  feature  at  approximately  0837  CST. 
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Figure  12.  Detail  of  rain  rates  and  millimeter-n#ave  attenuation,  0832-0841 
CST.  Bottom  trace  is  the  simulated  millimeter-wave  path  optical  depth. 
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AB?IRACr 

The  effects  of  atmo^iheric  turbulence  on  the  propagation  of  millimeter 
wave  (MMW)  radiation  have  been  less  well  qu^mtified  than  corresponding 
effects  on  the  propagation  of  radiation  at  visible  and  near-infrared 
wevelangths,  although  the  gvieral  theory  of  propagation  of  electromagnetic 
radiation  throu^  tvirbulence  is  well  understood.  The  basic  difference 
between  MMW  and  HV^isible  radiation  with  regard  to  propagation  through 
turbulence  is  caused  by  the  effects  of  water  vapor  on  the  longer 
ifavalengths.  Otherwise,  turbulence  would  cause  minimal  degradation  of  MMW 
system  perf ormanoe. 

This  paper  presents  some  of  the  results  of  a  series  of  experiments 
designed  to  characterize  the  atmosphere  from  the  point  of  view  of  MMW 
propagation,  with  emphasis  on  turbulence  effects  and  the  comparison  of 
these  effects  to  eigjeriment.  These  experiments  used  MMW  frequencies  in 
four  different  bands  and  were  conducted  in  edl  types  of  weather.  Although 
the  emphasis  is  on  propagation  through  turbulence,  much  data  were  also 
obtained  on  propagation  through  inclement  weather.  These  results  are  of 
specied  interest  because  they  were  obtained  at  the  higher  MMW  frequencies, 
in  the  range  116-230  GHz.  The  results  of  eumdyzing  eeurly  data  from  these 
experiments  indicate  that  agreement  with  the  turbuloice  theory  is  good;  the 
inclement  weather  data  also  agree  well  in  those  areas  where  appropriate 
propagation  theory  is  available. 

1.  Introduction 

During  the  period  1983-1985,  Georgia  Tech  and  NQAA  have  been  engaged 
in  a  joint  program  which  has  as  its  purpose  the  measurement  of  the  effects 
of  atmo^heric  turbulence  on  the  propagaticxi  of  millimeter-wave  radiation. 
A  series  of  experiments  have  been  conducted  at  a  site  near  Urbana, 
Illinois,  chosen  for  its  exo^jtional  flatness  ard  resultant  freedom  from 
effects  which  might  perturb  the  atmospheric  effects  to  be  ctoserved.  The 
choice  of  such  a  site  enables  the  designers  of  the  meteorological 
instrumentation  part  of  the  experiment  to  effectively  characterize  the 
atmosphere  with  minimal  instrumentation.  During  the  five  different 
measurement  sessions  conducted  for  this  program,  results  have  been  obtained 
in  clear  air,  rain,  fog,  and  snow,  at  frequencies  of  116,  118,  142,  173, 
and  230  GHz;  althou^  not  all  frequencies  were  used  under  all  conditions. 
These  frequencies  were  chosen  for  the  purpose  of  chciracterizing  propagation 
on  all  of  the  atmospheric  features  of  interest  in  the  range  116-230  GHz, 
including  the  94  GHz  window,  the  118.7  GHz  oxygen  line,  the  140  GHz  window, 
the  183  GHz  water  line  ,  and  the  230  GHz  window. 

The  next  section  of  this  paper  briefly  reviews  the  experimental 
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The  apparatus  used  for  making  the  MMW  turtu-po  f’  --ov 
described  in  this  paper  cxmtprise  transmitter,  receiver,  »-.• 
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the  experimental  arrangement  has  been  publisheti  e,sevherp 
al.,  1983,  1985;  Bohlander,  et  al.,  1983). 

Ftiase-locked  reflex  klystron  oscillators  were  used  :c*:  * ;  i:-  - . : 
sources  and  as  receiver  local  oscillators,  with  the  e.\.-e;  *  .  'r  r  *  ■  . 
GHz  measurement  system  which  used  a  phase- locked  ex-^n-iue  ;  ."^r  -  ?  *  .  • 
oscillator  transmitter  source.  Phase  locking  was  ne  ■essa:-,  :*■  i  ►  .* 
provided  amplitude  stability  for  better  resolution  of  "urt'u.oo- a 
and  fraquancy  stability  for  narrow-band  oparatior  and  ease  of  calibration. 
The  trzmsmitter  antenna  was  an  offset  paraboloid  with  an  elliptio.i:  sha^ie 
designed  to  aipproocimately  spread  the  beam  over  the  extent  of  the  receiver 
trailer  with  miniinum  spill  over  in  both  horizontal  euad  'erticAl  direct  lom.. 
The  transmitter  was  mounted  on  a  steel  pedestal  set  on  a  concrete  pad. 
independent  of  the  suspension  system  of  the  truck  in  which  it  was  housed. 

The  receiver  has  fcxir  aperntures,  each  of  which  is  pumped  bv’  the  same 
local  oecillator  threugh  an  arrangement  of  beam  waveguides.  The  receiver 
spacings  vary  from  1,4  to  10  meters  to  account  for  different  atmospheric 
scale  sizes.  Harmonic  mixers  are  used,  so  that  the  local  oscillator 
operates  at  approximately  one-half  of  the  signal  frequency,  result ina  in  a 
local  oscillator  range  of  about  58-115  GHz.  The  beam  waveguide  hc 
distribution  system  weis  found  to  work  very  well  over  this  range.  Receiver 
lenses  were  made  of  high-density  polyethylene,  and  their  aperture  was 
chosen  to  be  30  cm.  The  receivers  were  double-conversion  t>pes,  with  the 
first  intermediate  frequency  at  930  MHz  and  the  second  at  30  MHz.  This 
latter  frequency  was  chosen  because  of  the  good  availability  of  signal 
processing  components  such  as  phzise  shifters  ard  attenuators,  and  because 
it  can  be  eeisily  observed  on  a  high-frequency  oscilloscope  for  calibration 
purposes. 

Initizd  data  processing  is  done  in  the  signal  combiner  at  a  frequency' 
of  30  MHz,  where  each  of  the  fexur  antenna  returns  is  split  into  0,  90,  180, 
and  270  degree  phase  components,  and  combined  in  such  a  way  that  the  real 
and  imaginauyr  parts  of  the  mutu^  coherence  function  result  when  the  proper 
combinations  of  them  are  made  (McMillan,  et  al.,  1983).  These  signals  are 
collected  ard  stored  by  the  data  processing  computer,  which  also  collects 
emd  stores  data  from  each  of  the  meteorological  instrumentation  channels. 
This  computer  also  has  the  capability  of  performing  limited  data  reduction 
functions,  both  on-  cind  off-line,  and  of  supplying  real-time  information  to 
chcirt  recorders  which  eire  used  to  monitor  system  performance  during  data 
runs. 

The  propagation  range  was  well  characterized  by  meteorological 
instrumentation,  including  devices  for  measuring  temperature,  humidity, 
wind  speed  and  direction,  solar  flux,  rain  rate,  and  particle  size 
distribution.  Turbulence  related  instrumentation  included  optical 
measuring  devices,  Crp  probes,  and  Lyman-Alpha  hygrometers  for 
determination  of  the  humidity  structure  parameter  CU^.  All  of  these  met 
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paramcfters  were  recorded  simultauieously  with  MMW  data  on  magnetic  tape  by 
the  computer  system. 

3 .  Results 

As  mentioned  earlier,  results  have  been  obtained  under  all  weather 
conditions  of  interest  for  most  of  the  frequencies  for  which  measurements 
have  been  made  during  this  eigaeriment.  It  is  generally  true  that  results 
for  a  given  frequency  can  be  applied  to  any  other  frequency  that  is 
reasone±>ly  close  by  using  the  scaling  law  which  states  that  the  log 
amplitude  variance  for  turbulence  fluctuations  varies  as  This 

relationship  has  been  shown  to  be  true  for  clear-air  fluctuations, 
(McMillan,  et  al.,  1983)  but  may  not  be  true  for  fluctuations  in  inclement 
weather.  This  section  presents  some  of  the  results  obtained,  including 
those  obtained  under  both  cleaur-air  and  inclement  weather  conditions. 

Perhaps  the  most  interesting  results  (±(tained  during  this  series  of 
measurements  have  been  obtained  under  clear  air  conditions,  because 
fluctuations  are,  perhaps  surprisingly,  largest  in  clear  air.  Furthermore, 
the  results  obtained  agree  well  with  theory,  whereas  the  theory  of 
fluctuations  under  turbid  weather  conditions  is  not  well  developed.  Figure 
2  shows  a  typiczd  result  obtained  in  clecir  air  vinder  hot,  humid  conditions 
at  a  frequency  of  173  GHz.  An  examination  of  the  distribution  of  power  in 
such  a  trace  shows  that  it  is  log-normal,  with  a  standard  deviation  of 
about  10%  of  the  mean.  At  the  time  that  these  measurements  were  made,  the 
temperature  was  32°C,  and  the  absolute  humidity  was  19  g/m^. 

Fluctuations  in  intensity  oh'erved  in  rain,  fog,  and  snow  were  smaller 
th2m  those  observed  in  clear  air.  When  hydrometeors  are  present  in  the 
atmosphere,  it  is  not  possible  to  distingui^  intensity  fluctuations  due  to 
changes  in  the  index  of  refraction  fraa  those  due  to  changes  in  the  density 
of  these  hydrometeors.  Fluctuations  observed  in  fog  are  of  interest 
because  they  eu?e  very  small  -  almost  undistinguishable  from  instrumental 
variations,  although  different  types  of  fog  may  give  different  results. 
Figure  3  is  a  copy  of  a  recorder  trace  obtained  in  fog  at  a  frequency  of 
142  GHz. 

Intensity  fluctuations  observed  in  rain  are  primarily  due  to  changes 
in  rain  rate  over  the  propagation  path,  although  small-scale  variations  in 
intensity  may  be  caused  by  refractive  index  changes.  Figure  4  shows 
signals  received  from  two  of  the  four  receivers  during  a  heavy  rainfall, 
measured  at  a  frequency  of  173  GHz.  During  the  heaviest  part  of  this 
storm,  the  rainfall  rate  was  60  mm/hr.  Attempts  have  been  made  to 
correlate  the  attenuation  of  MMW  signals  with  rain  rate  (Patterson,  et  al., 
1986) . 

Figure  5  shows  the  fluctuations  in  intensity  observed  during  a 
snowstorm  at  a  frequency  of  116  GHz.  The  storm  during  which  these 
observations  were  made  weis  fairly  violent,  eind  much  of  the  snow  m  the  air 
during  its  latter  part  was  due  to  ground  blizzards.  It  is  inrerest. no  ^ 
compare  this  fig^e  to  Figure  2,  obtained  for  clear  air.  Despite  t.hc  .a,:-;- 
amount  of  snow  in  the  air  during  the  storm,  and  the  fact,  that  the  icm 
of  snow  particles  was  obviously  fluctuating,  the  MMW  signal  fluctuates  ~  ■ 
in  clear  air.  If  one  considers  that  MMW  fluctuations  are  due  main:  .  * 
humidity  changes,  it  is  reasonable  to  expect  that  f  luctuat :  ms 
greater  during  conditions  of  high  temperature  and  corrcsrcr,.'.  : 
humidity.  Similarly,  large  signal  variations  have  been  :  :  •  r- 
propagating  over  a  field  in  which  water  from  melting  snc.s  .  ■ 
even  though  the  temperature  was  much  lower  for  these  measure-*  •  • . 

The  spectra  of  MMW  fluctuations  under  various  atmosrr.e:  . 
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are  also  of  great  interest.  It  is  generally  true  that  the  MMW  spectra 
observed  do  not  agree  as  well  with  theory  as  the  corresponding  spectra 
observed  at  visible  and  near-infrared  wavelengths,  aixi  the  reasons  for  this 
discrepancy  are  not  well  understood.  One  expected  feature  that  does  not 
appear  in  the  spectra  measured  in  rain  and  snow  is  a  small  bump  at  high 
frequencies  that  one  might  expect  from  small  scale  fluctuations  in  the 
density  of  these  hydrometeors.  Figure  6  is  a  spectrum  computed  from 
measurements  made  at  230  GHz  during  a  snowfall.  The  two  curves  are  a 
result  of  different  methods  of  low-pass  filtering  the  results. 

4 .  Conclusions 

Perhaps  the  most  important  conclusion  that  can  be  reached  as  a  result 
of  these  measurements  is  that  the  cleai>air  turbulence  theory  agrees  well 
with  experimental  results.  It  is  also  interesting  to  observe  that  the 
magnitudes  of  variations  observed  under  turbid  weather  conditions  are 
smaller  than  those  observed  under  hot,  humid  summertime  conditions. 
FluctuatiOTS  measured  in  fog  are  especiadLly  small  for  the  fog  conditions 
observed  during  this  series  of  measurements,  while  rain  etnd  snow  variations 
fedJ.  between  these  two  extremes.  Ihe  main  effect  of  rain  is  to  attenuate 
MMW  radiation,  and  the  degree  of  attenuation  appears  to  be  well  correlated 
with  the  rain  rate.  Attenuation  is  of  less  importance  under  other 
atmo^heric  conditions  them  in  rain,  a  ooncliasion  that  seems  to  be  verified 
by  the  data  obtained  during  these  mecisurements.  The  results  of  this  series 
of  measurements  also  seem  to  verify  that  MMW  systems  should  perform  well  in 
inclement  weather,  adthou^  rain  atteroiation  afpeeurs  to  be  significant.  It 
will  be  recalled  that  rain  attenuation  is  essentially  constant  with 
frequency  over  a  wide  range  beginning  at  about  100  GHz  in  accordance  with 
Mie  scattering  theory. 

The  largest  value  of  the  MMW  index  of  refraction  structure  parameter 

observed  during  this  series  of  measurements  was  5.9  x  10”^^ 
an  observation  made  under  hot,  humid  summer  time  conditions.  Under  these 
conditions,  the  fluctuations  in  intensil^  and  phase  observed  were  about  1 
dB  and  1  radian,  respectively,  levels  which  probably  would  marginally 
affect  the  performzmce  of  MMW  systems.  It  is  interesting  to  question 
whether  or  not  leuger  values  of  than  those  observed  in  Illinois  exist 
under  other  atmospheric  conditio^,  and  how  prevedent  are  these  elevated 
levels.  If  the  levels  of  observed  in  Illinois  cause  marginal 

degradation  of  system  performance,  then  higher  levels  might  cause 
significant  degradation  to  the  extent  of  making  such  systems  useless  under 
certain  conditions.  To  assess  the  prevalence  of  high  levels  of  a 

system  for  measuring  this  parameter  that  is  similar  to  a  system  already 
developed  for  the  visible  wavelength  range  is  proposed.  Such  an  instrument 
would  comprise  transmitter,  receiver,  and  data  processor,  and  could  be 
configured  for  automatic  operation.  In  this  way,  values  of  could  be 
measured  in  places  which  may  be  of  interest  to  the  MMW  system  designer,  but 
at  which  this  parameter  might  not  ordinarily  be  measured,  such  as  in  the 
tropics,  desert,  or  Arctic  regions.  Such  measurements,  when  combined  with 
other  atmospheric  studies,  would  also  add  to  our  understanding  of  the 
atmosphere. 
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Fig.  1.  Layout  of  experiment  shewing 
transmitter,  receiver,  and  meteoro- 
logic2d  instnjonentation  stations. 


Fig.  2.  Intensity  fluctuations 
observed  on  a  hot,  humid  summer 
day  at  173  GHz. 
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Fig.  3.  Intensity  flvictuations 
measured  during  a  heavy  fog  at 
142  GHz. 


Fig.  4.  Intensity  changes  measured 
at  173  GHz  during  a  heavy  rain. 
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Fig.  5.  Intensity  fluc±uations 
meeisured  in  sncw  at  a  frequency 
of  116.3  GHz 
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Fig.  6.  Intensity  power  spectra 
in  snow  for  a  frequency  of  230 
Sfe. 


